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Attached  is  the  Final  Report  of  the  HPR  study  entided  "Subgrade  Resilient  Modulus  for 
Pavement  Design  and  Evaluation",  prepared  by  Woojin  Lee,  N.  Bohra,  A.  G.  Altschaeffl,  and 
T.  D.  White.  This  report  ouUines  a  set  of  procedures  and  test  results  on  subgrade  soils  in  Indiana 
to  enable  INDOT  engineers  to  evaluate  resilient  modulus  values  for  use  in  the  design  of 
pavements. 

A  fully  automated  testing  method  has  been  developed  to  determine  resilient  modulus  values 
in  the  laboratory  according  to  AASHTO  T  274-82.  Results  are  reported  for  both  the  laboratory 
and  the  field  compacted  samples.  The  effect  of  environmental  factors  on  resilient 
modulus— freeze-thaw  and  post-compaction  moisture  changes— has  been  considered  by  simulating 
these  conditions  in  the  laboratory.  Freeze-thaw  cycles  were  simulated  in  a  freeze-thaw  chamber. 
An  injection  technique  has  been  developed  to  achieve  moderate  increase  in  the  post-compaction 
water  content. 

Fabric  studies  were  performed  to  explain  the  resilient  response  of  the  soil  investigated. 
Correlations  were  developed  between  the  fabric  parameters,  clay  content,  and  maximum 
attainable  dry  unit  weight.  A  nonparametric  statistical  study  was  carried  out— based  on  a  previous 
study  on  a  silty  clay  (CL,  A-6  soil)— to  identify  laboratory  compaction  procedure  capable  of 
replicating  the  field  compacted  fabric.  Fabrics  of  the  laboratory  and  field  compacted  soils— both 
compacted  and  uncompacted  (powdered)  samples— were  determined  using  mercury  intrusion 
porosimetry.  Resilient  response  is  correlated  with  the  fabric  parameters,  pore  water,  and  clay 
content. 
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1.  INTRODUCTION 

1=1  Objectives  of  the  Project 

There  are  several  goals  for  this  research  project.  In  the 
short  term,  one  goal  is  to  develop  the  testing  capabilities  to 
conduct  the  resilient  modulus  test.  With  these  capabilities 
the  data  base  can  be  developed  to  permit  fulfillment  of  the 
requirements  of  the  1986  AASHTO  Guide  for  Design  of  Pavement 
Structures  to  utilize  resilient  modulus  in  design.  The  data 
base  will  represent  a  range  of  soil  classes  encountered  in 
Indiana.  The  data  base  can  be  used  to  assign  resilient  modulus 
values  to  soils  in  the  design  process,  or  to  check  values  of 
resilient  modulus  estimated  by  other  procedures. 

The  long  term  goal  of  the  study  is  to  participate  in  a 
more  basic  approach  to  the  role  of  the  subgrade  in  pavement 
design  and  performance.  Consideration  will  be  given  to  the 
possibility  of  establishing  limiting  criteria  for  subgrade 
deformability.  This  project  contributes  to  this  goal  by 
creating  a  procedure  to  allow  creation  of  subgrade  preparation 
special  provisions  that  will  assure  the  presence  of  a  limiting 
resilient  modulus  in  this  portion  of  the  pavement  system.  What 
should  be  the  magnitude  of  the  limiting  modulus  must  come  from 
pavement  analysts  for  it  requires  data  on  what  are  excessive 
deformations  of  the  materials  for  the  various  components  of 
the  pavement  system.  The  criteria  are  not  now  available 
nationally.  There  is  also  no  back-calculation  procedure  that 
can  translate,  reliably,  deformation  data  into  subgrade 
modulus  requirements.  When  these  are  developed  and  accepted, 
then  the  procedure  outlined  in  this  report  will  allow  creation 
of  the  compaction  specifications  to  assure  a  limiting  subgrade 
modulus. 


For  this  project,  existing  electro-hydraulic  loading 
systems  and  automatic  data  acquisition  system  are  utilized.  A 
limited  number  of  undisturbed  samples  from  in-situ  subgrade 
are  collected.  The  appropriate  physical  properties  of  these 
samples  are  determined.  In  addition,  the  resilient  modulus 
test  is  conducted  on  specimens  of  the  undisturbed  samples. 

To  allow  more  widespread  testing,  procedures  are 
developed  that  permit  specimens  to  be  created  in  the 
laboratory  that  simulate  the  fabric  of  the  field-created  soil 
fabric.  The  laboratory  testing  program  is  prosecuted  to 
develop  the  expanded  data  base.  Efforts  are  made  to  allow 
estimation  of  resilient  modulus  without  the  need  for  use  of 
the  extensive  complex  testing  techniques  now  required. 

1.2  Expected  Benefits 

Successful  completion  of  this  project  will  mean  INDOT  can 
better  assess  and  utilize  the  1986  AASHTO  Pavement  Design 
Procedure.  If  control  of  subgrade  deformability  can  be 
accomplished,  then  INDOT  can  re-examine  its  pavement  design 
procedures  with  a  view  to  improvement.  The  ability  to  control 
the  deformability  of  each  component  of  the  pavement  system  is 
a  powerful  tool  which  would  lead  to  less  pavement  cracking  and 
less  early  deterioration.  Longer  pavement  life  offers 
countless  benefits  that  have  been  sought  for  some  time. 
Results  of  this  project  can  be  combined  with  the  results  of 
previous  and  on-going  projects  to  enhance  this  longer  pavement 
life. 

1.3  Work  Plan 

The  focus  of  this  work  is  the  resilient  modulus,  as 
determined  by  AASHTO  Test  Method  274.  The  details  of  this  plan 
are  based  on  the  presumption  that  the  results  of  the  test  will 
be  related  to  the  state  of  the  soil  and  its  fabric  at  the 


initiation  of  the  test  procedure.  The  state  of  the  soil  fabric 
is  characterized  by  the  pore-size  distribution.  Those  initial 
conditions  must  simulate  the  conditions  present  in  the  field, 
in-service.  Problems  are  expected  because  it  is  believed 
impossible  to  simulate  the  changes  that  occur  in  environmental 
condition,  in-service. 

The  foregoing  served  as  the  context  for  a  work  plan  of  6 
tasks: 

Task  1:   Literature  search  for: 

a)  other  resilient  modulus  data  for  comparison  with 
Indiana  data; 

b)  relations  between  soil  fabrics,  laboratory  vs. 
field,  and  means  of  producing  field  fabric  in  the 
laboratory; 

c)  possible  correlations  between  resilient  modulus 
and  other,  more  easily  obtained,  soil 
characteristics ; 

d)  effects  of  additives  on  subgrade  performance. 

Task  2:   Selection  of  Soils 

a)  the  type  of  soils  to  be  tested  and  locations  for 
sampling  are  to  be  selected.  Mention  is  made  of 
separating  soil  horizons  in  the  profile. 

Task  3:   Testing  One  Soil 

a)  field  location  is  to  be  sampled.  At  conditions 
found  in-service,  dry  density,  water  content, 
resilient  modulus,  and  pore-size  distribution  are 
to  be  determined.  Inspection  test  data  are  to 
provide  the  as-compacted  conditions; 

b)  in  the  laboratory,  using  laboratory  compaction  on 
the  same  soil  sampled  in  bulk  from  borrow  area: 
1)   compaction  curves  and  associated  resilient 

modulus  and  pore-size  data; 


2)  varying  the  water  content  from  the  as- 
compacted  condition  and  the  associated 
resilient  modulus  and  pore-size  data; 

3)  simulation  of  freeze-thaw  upon  the  as- 
compacted  condition  and  the  associated 
resilient  modulus  and  pore-size  data; 

c)  the  following  questions  are  to  be  answered  by  the 
testing  on  this  one  soil: 

1)  can  laboratory  compaction  simulate  the  fabric 
created  in  the  field? 

2)  is  resilient  modulus  related  to  soil  fabric? 

3)  can  differences  in  resilient  modulus  and 
pore-size  data  be  related  to  each  other  and 
to  water  content  and  other  physical 
conditions? 

4)  how  significant  are  horizon  data? 

d)  Answers  to  these  questions  would  be  included  in 
the  work  plan  for  the  other  soils 

Task  4:   Testing  the  Other  Soils 

Task  5:   Analyze  the  Data 

a)  tabulations  for  direct  use  of  resilient  modulus 
in  pavement  design 

b)  design  charts  to  allow  control  of  subgrade 
deformability 

Task  6:   Final  Report 

The  final  report  will  be  prepared,  tendered  for 
review,  corrected,  and  prepared  for  final 
publication.  Upon  acceptance  of  the  report,  a 
workshop  can  be  planned  for  the  potential  users. 


2.  SOILS  INVESTIGATED 

2 . 1  Sampling  Sites 

Six  soils,  typically  found  in  Indiana,  were  included  in 
the  present  study  to  investigate  the  resilient 
characteristics.  Five  cohesive  soils  and  one  granular  soil 
were  obtained  from  six  different  sites.  Cohesive  soils  sampled 
are  CL  and  CH  in  the  Unified  Soil  Classification  System,  and 
A-4,  A-6,  A-7-5  and  A-7-6  in  AASHTO  classification.  The 
granular  soil  investigated  is  a  dune  sand  classified  as  A-3  or 
SP.  Information  on  sampling  sites  is  given  in  Table  2.1. 

2.2  Undisturbed  Soils  Investigated 

To  determine  the  field  resilient  characteristics  of 
cohesive  soils,  undisturbed  samples  were  obtained  by  pushing 
Shelby  tubes  into  the  compacted  subgrades.  Undisturbed  samples 
were  collected  from  under-construction  and  in-service 
pavements.  Detailed  information  on  the  undisturbed  samples  for 
all  sites  is  given  in  Appendix  A. 

Data  for  in-service  subgrade  were  obtained  by  measuring 
the  weight,  moisture  content  and  dimension  of  specimens  after 
opening  the  Shelby  tubes.  Atterberg  Limits  tests  were  also 
performed  on  each  specimen  after  testing  for  resilient 
modulus.  Atterberg  Limits  of  undisturbed  samples  tested  for 
resilient  modulus  are  plotted  in  the  Plasticity  chart  shown  in 
Figure  2.1. 

Figures  2.2  to  2.8  show  the  dry  unit  weight  and  moisture 
content  in  the  subgrade  during  construction  and  in-service  for 
sampled  sites,  with  the  compaction  curve  for  Standard  Proctor 
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Figure  2.1  Classification  of  Tested  Soils 


energy.  Data  for  as-compacted  condition  were  taken  from  the 
field  inspection  data  as  measured  by  a  Troxler  3440  moisture- 
density  gauge  or  by  the  sand-cone  method  during  construction. 

South  Bend  was  the  only  site  where  the  soil  was  sampled 
before  the  construction  of  pavement  was  completed.  Embankment 
fill  was  compacted  with  four  passes  of  a  Caterpillar  CAT  815 
sheepsfoot  roller.  By  comparing  the  field  compaction  in  Figure 
2 . 2  with  laboratory  compaction  curves  in  Figure  4.18,  it 
appears  that  field  compacted  density  is  similar  to  laboratory 
compacted  density  achieved  with  energy  between  4500  and  6700 
lb  ft/ ft3,  which  is  less  than  half  of  the  Standard  Proctor 
energy.  However,  comparison  of  the  South  Bend  laboratory  and 
field  compacted  soil  fabric  in  Chapter  9  suggests  that  the 
laboratory  compaction  with  Standard  Proctor  energy  at  about 
optimum  water  content  gives  a  closer  match  to  the  field 
compacted  fabric.  This  suggests  that  the  same  compaction 
result  by  different  methods  of  compaction  does  not  necessarily 
mean  the  same  soil  fabric.  At  this  site,  there  were  increases 
in  dry  density  and  decreases  of  water  content  after 
construction  of  embankment.  Since  the  subgrade  at  South  Bend 
had  not  been  covered  by  the  pavement  structure  during  the 
period  between  construction  and  sampling,  the  reduction  of 
water  content  may  be  due  to  the  drying  of  the  soil  during  and 
after  construction.  The  increase  in  density  may  be  attributed 
to  construction  traffic  for  an  overpass  bridge  located  at  the 
end  of  the  embankment. 

The  Fort  Wayne  soil  was  sampled  at  three  different 
stations;  all  stations  were  compacted  with  a  Caterpillar  CAT 
825  sheepsfoot  roller  during  construction.  The  number  of 
passes  of  this  roller  were  four  to  six  for  station  56+00  and 
four  for  station  181+00.  At  station  73+00,  the  top  2  feet  of 
subgrade  was  compacted  with  eight  to  nine  passes  while  the 
lower  embankment  was  compacted  with  four  to  six  passes.  As 
shown  in  Figures  2.3  to  2.5,  station  56+00  and  73+00  were 
compacted  near  optimum,  and  station  181+00  was  compacted  dry 
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Figure  2.2  In-Service  and  As-Compacted  Condition  of  the  South 
Bend  Site 
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Figure  2 . 3  In-Service  and  As-Compacted  Condition  of  the  Fort 
Wayne  Site  (Station  56+00) 
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Figure   2.4     In-Service   and  As-Compacted   Condition   of   the   Fort 
Wayne   Site    (Station   73+00) 
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Figure   2.5    In-Service  and  As-Compacted  Condition  of  the  Fort 
Wayne   Site    (Station   181+00) 
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side  of  laboratory  optimum  moisture  content.  All  three 
stations  show  insignificant  change  in  dry  density  after 
construction  while  the  water  content  varied  more  widely  and 
the  degree  of  saturation  increased  slightly  after 
construction.  For  these  stations,  field  compacted  density 
appears  to  be  similar  with  laboratory  compacted  density 
achieved  with  Standard  Proctor  energy.  Similar  to  the  South 
Bend  Site,  laboratory  compaction  at  Standard  Proctor  energy  at 
about  optimum  water  content  gives  a  comparable  match  for  the 
field  compaction  in  terms  of  soil  fabric.  However,  there  is  no 
significant  difference  between  the  laboratory  compacted  fabric 
at  Standard  and  Modified  Proctor  energies  as  explained  later 
in  Section  9.6. 

As  shown  in  Figure  2.6,  compaction  of  the  Washington  site 
was  well  controlled  during  construction.  One  group  of  data 
having  higher  density  and  lower  water  content  is  for  the  top 
2  feet  of  compacted  layer,  the  so-called  special  subgrade 
treatment.  This  site  was  compacted  with  three  passes  of  a 
Caterpillar  CAT  553  sheepsfoot  roller  and  two  passes  of  a 
Raygo  404  vibrating  sheepsfoot  roller.  Some  of  the  special 
subgrade  treatment  was  subjected  to  3  passes  of  the  Raygo  4  04 
roller.  Since  the  compactive  efforts  for  the  special  subgrade 
treatment  and  embankment  are  almost  same,  the  line  connecting 
the  two  groups  of  field  compaction  data  can  be  considered  as 
a  wet  side  portion  of  field  compaction.  This  implies  that  the 
line  of  optimums  for  field  compaction  locates  on  the  dry  side 
of  the  line  of  optimum  of  laboratory  compaction.  It  is  also 
noted  that  there  was  a  significant  increase  in  the  degree  of 
saturation  after  construction.  The  in-service  condition  is 
formed  in  a  narrow  range  parallel  to  the  100  percent 
saturation  line;  the  in-service  density  and  water  content  vary 
over  a  wider  range  than  the  as-compacted  condition. 

Since  the  Bedford  and  Bloomington  sites  were  constructed 
in  the  early  1970's,  information  on  in-place  inspection  tests 
was  not  available.  As  shown  in  Figures  2.7  and  2.8,  in-service 
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Figure   2.6    In-Service     and     As-Compacted     Condition     of     the 
Washington  Site 
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Figure    2.7     In-Service   Condition   of    the   Bedford   Site 
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Figure   2.8    In-Service  Condition  of   the  Bloomington  Site 
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water  content  for  both  sites  ranges  from  18%  to  40%  and  the 
in-service  dry  density  ranges  from  80  pcf  to  110  pcf.  It  is 
noted  that  the  degree  of  saturation  for  these  sites  appears  to 
be  almost  100  percent. 

2.3  Disturbed  Soils  Investigated 

Disturbed  cohesive  soils  were  collected  from  all  five 
sites  for  the  preparation  of  laboratory  samples.  Disturbed 
soils  were  air-dried  and  processed  for  laboratory  compaction. 
Laboratory  specimens  were  compacted  in  five  layers  of 
approximately  equal  height  with  a  rammer  specially  designed 
for  this  study.  The  compaction  mold  of  about  2.8  inch  diameter 
was  used  for  laboratory  compaction  to  get  the  required  sample 
size  similar  to  that  of  the  field  samples.  Laboratory 
compaction  curves  of  each  sites  for  Standard  Proctor  energy 
are  given  in  Figures  2.2  to  2.8.  Properties  of  the  processed 
cohesive  soils  are  shown  in  Table  2.2.  Particle  size 
distributions  for  these  soils  are  shown  in  Figure  2.9. 


Table  2.2   Properties  of  Processed  Soils 
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Since  there  is  no  satisfactory  sampling  method  for 
undisturbed  granular  soil,  sand  specimens  were  prepared  by 
laboratory  compaction.  Granular  soil  obtained  from  the  field 
was  air-dried  in  the  laboratory  and  was  processed  for 
laboratory  compaction.  Granular  soil  tested  is  a  very  uniform 
sand,  as  shown  in  Figure  2.9.  To  match  the  specification  in 
use  for  field  compaction,  one  series  of  specimens  was 
compacted  by  impact  hammer  with  Standard  Proctor  energy  into 
a  split  mold  of  4-inch  diameter.  Another  series  of  specimens 
was  prepared  by  vibratory  compaction.  Results  of  both  series 
of  compaction  are  shown  in  Figure  6.2. 
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3.  DEVELOPMENT  OF  TESTING  PROCEDURE  FOR  RESILIENT  MODULUS 
3 . 1  Introduction 

It  has  been  recognized  that  an  intolerably  uneven 
pavement  surface  will  develop  if  there  exists  excessive 
plastic  deformation  of  the  pavement  components  and  that 
extensive  cracking  of  asphaltic  pavements  results  from 
excessive  elastic  deflections  without  any  significant  plastic 
deformation.  The  primary  cause  of  failures  of  the  latter  type 
has  been  attributed  to  the  fatigue  of  the  pavement  surface 
resulting  from  repeated  stress  applications  over  a  long  period 
of  time. 

Recognition  of  the  prevalence  of  fatigue  failure  has 
demonstrated  the  need  to  predict  recoverable  transient 
deformations  in  order  to  assess  the  magnitude  of  the  strains 
developed  in  the  pavement  surface  and,  thus,  estimate  the 
fatigue  life  of  the  pavement.  Since  a  substantial  part  of 
transient  deflections  of  pavement  system  results  from 
compression  of  the  subgrade,  the  resilient  modulus  of  subgrade 
would  appear  to  be  an  important  characteristic  of  the  multi- 
layer pavement  system. 

In  order  to  determine  resilient  properties,  it  is 
necessary  to  develop  an  appropriate  test  method.  Reliable 
measurement  of  resilient  characteristics  can  only  be  obtained 
under  test  conditions  simulating  as  closely  as  possible  the 
loading  conditions  existing  in  the  field.  Therefore,  it  is 
essential  to  use  a  dynamic-loading  type  of  test  procedure.  In 
this  chapter,  the  features  of  a  resilient-modulus  testing 
system,  including  testing  software  and  data  acquisition,  as 
well  as  the  developed  testing  procedure  will  be  described. 
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Reliability  of  test  data  obtained  by  developed  testing 
procedure  and  the  performance  of  testing  system  will  also  be 
discussed. 

3o2  System  for  Resilient  Modulus  Test 

3.2.1  Testing  Equipment 

Equipment  used  for  the  resilient  modulus  test  is  composed 
of  the  loading  frame  with  hydraulic  power  supply  unit, 
controlling  and  conditioning  unit  including  wave-form 
generator,  an  oscilloscope  monitoring  the  input  and  output 
stress  pulse,  and  a  Personal  Computer  (PC)  which  controls  the 
resilient  modulus  test  and  performs  data  acquisition. 

The  load  frame  is  an  MTS-810  Soil  Test  System  with  a 
capacity  of  22  kips  and  is  a  closed-loop  servo-hydraulic 
system.  Load  is  applied  by  an  actuator  moving  the  piston 
against  the  crosshead  of  the  frame.  This  system  has  the 
ability  to  apply  load  at  high  rate  and  to  follow  command 
signal  input  changes.  However,  dynamic  response  of  the 
complete  system  with  feedback  must  be  tuned  for  the  materials 
tested.  This  is  done  by  adjusting  the  active  gain  to  a  value 
known  by  experience  to  be  stable  for  the  particular  specimen 
under  testing.  Performance  of  an  improperly  adjusted  system 
can  range  from  sluggish  to  violently  unstable. 

Several  AC  and  DC  types  of  transducers  were  used  to 
measure  the  changes  during  the  test.  Adequate  signal  scaling 
and  uniformity  of  the  test  results  are  obtained  by  matching 
the  expected  range  of  measurand  so  as  not  to  exceed  the  upper 
or  lower  limit  of  the  operating  range.  Generally  a  range 
cartridge  rated  at  the  closest  value  larger  than  the  expected 
value  is  used.  Detailed  information  on  the  instruments  used 
for  the  resilient  modulus  test  is  given  in  Table  3.1. 

A  load  transducer  to  measure  the  load  on  the  specimen  is 
located  between  the  loading  piston  and  the  triaxial  cell.  Two 
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load  transducers  of  different  capacity  have  been  used  for 
different  sizes  of  specimen.  For  specimens  obtained  from  2.8- 
inch  diameter  Shelby  tube,  a  load  transducer  of  220  lbs 
capacity  was  used  with  a  100  lbs  range  cartridge,  since  the 
maximum  load  applied  during  the  resilient  modulus  test  is 
about  64  lbs.  Another  transducer  of  a  5.5  kip  capacity  with 
550  lbs  range  cartridge  was  used  for  the  4-inch  diameter  sand 
specimens  which  are  subjected  to  maximum  loading  of  about  250 
lbs  during  the  test. 

To  monitor  the  input  and  output  signals  of  load,  an 
oscilloscope  was  connected  to  the  load  conditioning  unit.  By 
comparing  signals  visually  during  the  test,  it  can  be  known  if 
the  specimen  responds  well  to  the  input  signal.  If  the 
stiffness  of  specimen  matches  well  to  the  response  of  machine, 
almost  identical  input  and  output  signals  are  observed.  If 
not,  gain  and  rate  in  the  control  module  are  adjusted  until 
both  signals  match. 

A  DC  type  displacement  gage  is  mounted  on  the  supporting 
block  fixed  on  top  of  the  triaxial  cell  so  that  an  extended 
sensing  arm  from  the  displacement  gage  contacts  the  lower  side 
of  the  concentric  bracket  attached  to  the  loading  piston.  By 
attaching  the  concentric  bracket  below  the  load  cell,  the 
measured  deformation  is  not  affected  by  the  deflection  of  the 
load  cell  itself.  Deformation  of  specimen  causes  the  movement 
of  the  sensing  arm  and  bends  the  metallic  element,  changing 
the  resistance  of  strain  gages.  The  change  in  the  balance  of 
the  Wheatstone  bridge  produces  an  electrical  output 
proportional  to  the  displacement  of  the  sensing  arm. 

During  the  resilient  modulus  test,  it  is  required  to 
change  the  magnitude  of  deviator  stress  and  confining  pressure 
frequently.  Confining  pressure  is  controlled  by  supplying  air 
through  a  Bellofram  pressure  regulator  actuated  by  the  voltage 
signal  sent  from  the  controlling  computer.  This  change  of 
confining  pressure  is  monitored  by  a  pressure  transducer  at 
the  port  of  the  triaxial  cell. 
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Triaxial  cells  used  in  this  test  can  support  specimens  up 
to  4  inches  in  diameter.  A  loading  ram  screwed  to  the  top 
endcap  extends  through  the  triaxial  cell  and  can  be  connected 
to  the  load  cell.  Friction  between  the  cell  and  loading  ram  is 
minimized  by  low- friction  ball  bearings.  The  upper  and  lower 
plates  supported  by  three  stainless  steel  columns  are  enclosed 
by  a  removable  translucent  pressure  shell  which  allows 
specimen  setup  without  disassembly  of  the  triaxial  cell.  The 
cell  is  sealed  by  two  pressurization  O-rings  on  support 
platens. 

Controllers,  signal  conditioning  units,  and  waveform 
generator  are  contained  in  a  stand-alone  cabinet.  Controllers 
enable  the  test  control  in  force  or  displacement  mode,  and 
feature  easy  and  fast  transfer  between  control  modes.  For  the 
resilient  modulus  test,  one  AC  controller  and  three  DC 
controllers  were  used.  Two  active  controllers  include  the 
valve  driver,  and  all  four  controllers  contain  the  transducer 
and  command  conditioning  unit.  Each  controller  has  several 
plug-in  cartridges  allowing  multiple  range  capabilities.  The 
waveform  generator  is  a  microprocessor-controlled  digital  unit 
and  can  be  used  to  program  any  shape  of  load  or  displacement 
input.  The  remote  mode  operation  enables  the  personal  computer 
to  create  segment  parameters  for  any  kind  of  waveform  and  to 
send  them  to  the  waveform  generator  through  the  interface 
during  the  resilient  modulus  test. 

3.2.2  Resilient  Modulus  Testing  Software 

Since  the  resilient  modulus  test  follows  a  sophisticated 
testing  procedure  and  fast  dynamic  loading  is  applied  during 
test,  it  is  not  possible  to  control  the  test  and  acquire  the 
test  data  without  sophisticated  testing  software.  The  software 
package  originally  developed  by  MTS  corporation  was  modified 
and  used  in  this  study.  This  test  software  is  composed  of  four 
main  sections:  parameter  input,  execution  of  test,  analysis, 
and  data  conversion. 
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Test  parameters  are  entered  by  the  operator  using  a  file- 
preparation  program.  The  information  entered  is  used  in  both 
test  execution  and  analysis  portions  of  the  test.  The  test 
parameters  include: 

a.  general  information:  specimen  ID  and  sampling  location  etc. 

b.  measurement  of  specimen:  height,  diameter,  w/c  and  density 
etc. 

c.  test  control  parameters:  waveform  to  be  used,  load 
duration,  frequency,  sequence  of  test  etc. 

d.  station  parameters:  full  scale  ranges  of  instruments  etc. 

Test  execution  consists  of  station  verification, 
conditioning  stage,  main  test,  and  data  storage.  Station 
verification  includes  the  confirmation  of  readiness,  such  as 
turning  on  hydraulics  and  enabling  the  interlocks.  It  also 
checks  the  displacement  transducer  to  ensure  that  it  is  within 
a  20  millivolt  noise  limit.  After  verification  is  complete, 
test  is  begun  with  a  command  by  operator. 

Since  the  resilient  modulus  test  is  stress-controlled  and 
consists  of  applications  of  several  different  combinations  of 
stress  states,  it  is  necessary  to  control  the  magnitude  of 
deviator  stress  and  confining  pressure  automatically  without 
interference.  Confining  pressure  is  controlled  by  a  pressure 
regulator  actuated  by  a  voltage  corresponding  to  a  desired 
level  of  confining  pressure.  A  calibration  equation  for  the 
pressure  regulator  is  contained  in  testing  program,  and  the 
target  voltage  calculated  from  that  equation  is  sent  to  the 
regulator  through  a  Digital  to  Analog  converter  in  the  data 
acquisition  board.  After  confining  pressure  reaches  the  target 
value,  the  test  proceeds  to  waveform  generation  with  generated 
waves  sent  to  the  DC  load  controller.  The  resilient  modulus 
test  software  used  has  a  capacity  to  generate  four  different 
shapes  of  stress  pulse,  such  as  haversine,  square,  triangle, 
and  special  triangle.  Each  waveform  consists  of  applied 
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deviator  stress  and  release.  Duration  of  load  ranges  from  0.05 
second  to  0.5  second,  and  cyclic  duration  from  0.75  second  to 

3  seconds. 

The  test  is  performed  following  the  sequence  specified  in 
AASHO  T  274-82.  Test  sequence  involves  two  stages  of  testing: 
conditioning,  and  the  main  test.  Conditioning  is  intended  to 
minimize  the  effects  of  the  interval  between  compaction  (or 
sampling)  and  loading,  and  of  initially  imperfect  contact 
between  the  platens  and  the  specimen.  Resilient  modulus  test 
for  cohesive  soil  consists  of  20  different  combinations  of 
confining  pressures  and  deviator  stresses,  and  200  stress 
pulses  are  applied  for  each  stress  combination.  The  test  for 
cohesive  soil  takes  about  80  minutes.  The  test  for  granular 
soil  consists  of  33  different  states  of  stresses,  and  it  takes 
about  2  hours  when  a  stress  pulse  of  1  Hz  is  used. 

While  the  test  is  running,  the  program  provides  an  on- 
line data  display  which  shows  current  testing  status 
continuously  and  measured  resilient  modulus  every  100  stress 
pulses.  Data  obtained  during  the  test  are  stored  in  binary 
data  files.  One  data  file  stores  the  deviator  stress, 
resilient  strain,  confining  pressure  and  calculated  length  of 
specimen  for  the  100th  and  200th  cycle  for  each  test  sequence. 
If  the  option  is  chosen  for  extra  data,  the  entire  stress  and 
displacement  data  for  the  200th  cycle  of  each  state  of 
stresses  are  stored  in  a  separate  binary  file.  These  two 
binary  files  can  be  converted  to  ASCII  text  format  or  spread- 
sheet form  using  a  conversion  program.  Figure  3.1  shows  a 
typical  summary  of  test  result  converted  into  ASCII  text 
format.  Another  data  file  is  a  sequential  file  containing  the 
confining  pressure,  current  number  of  the  applied  cycles, 
calculated  deviator  stress,  total  deformation,  resilient 
deformation,  specimen  length  and  resilient  modulus,  for  every 

4  cycles. 
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Test/File  Name     : 

BL15 

Start  Date 

01-10-1992 

Start  Time: 

00:02:19 

End  Date 

01-10-1992 

End  Time   : 

01:20:53 

Soil  Sample 

BL849N.D-2 

14-20" 

Desired 

Desired 

Calc 

Calc 

Calc 

Deviator 

Confining 

Data 

Deviator 

Resilient 

Gage 

Resilient 

Stress 

Pressure 

Cycle 

Stress 

Strain 

Length 

Modulus 

(psi) 

(psi) 

(psi) 

(in/in) 

(in) 

(psi) 

1.00 

6.00 

100 

9.89E-01 

9.1296E-05 

5.896E+00 

1.083E+04 

1.00 

6.00 

200 

1.00E+00 

1.0434E-04 

S.896E+00 

9.620E+03 

2.00 

6.00 

100 

1.96E+00 

1.9567E-04 

5.895E+00 

1.003E+04 

2.00 

6.00 

200 

1.92E+00 

1.8263E-04 

5.895E+00 

1.049E+04 

4.00 

6.00 

100 

3.85E+00 

4.6975E-04 

S.893E+00 

8.191E+03 

4.00 

6.00 

200 

3.83E+00 

4.6977E-04 

5.893E+00 

8.158E+03 

8.00 

6.00 

100 

7.63E+00 

1.2409E-03 

5.887E+00 

6.153E+03 

8.00 

6.00 

200 

7.65E+00 

1.2S42E-03 

5.886E+00 

6.100E+03 

10.00 

6.00 

100 

9.52E+00 

1.7259E-03 

5. 881E+00 

5.516E+03 

10.00 

6.00 

200 

9.60E+00 

1.7267E-03 

5.878E+00 

5.558E+03 

1.00 

6.00 

100 

1.06E+00 

9.1561E-05 

5.879E+00 

1.163E+04 

1.00 

6.00 

200 

1.05E+00 

9.1S60E-05 

5.879E+00 

1.146E+04 

1.00 

3.00 

100 

9.58E-01 

1.0461E-04 

5.881E+00 

9.159E+03 

1.00 

3.00 

200 

1.06E+00 

1.1768E-04 

5.881E+00 

9.046E+03 

1.00 

0.00 

100 

9.73E-01 

1.4375E-04 

5.884E+00 

6.771E+03 

1.00 

0.00 

200 

9.28E-01 

1.4375E-04 

5.884E+00 

6.454E+03 

2.00 

6.00 

100 

1.89E+00 

1.9617E-04 

5.880E+00 

9.613E+03 

2.00 

6.00 

200 

1.95E+00 

1.9617E-04 

5.880E+00 

9.923E+03 

2.00 

3.00 

100 

1.95E+00 

2.3534E-04 

5.881E+00 

8.272E+03 

2.00 

3.00 

200 

1.95E+00 

2.4842E-04 

5.881E+00 

7.836E+03 

2.00 

0.00 

100 

1.84E+00 

3.0058E-04 

S.884E+00 

6.122E+03 

2.00 

0.00 

200 

1.92E+00 

3.2671E-04 

5.884E+00 

5.865E+03 

4.00 

6.00 

100 

3.82E+00 

4.9701E-04 

5.879E+00 

7.681E+03 

4.00 

6.00 

200 

3.83E+00 

4.8394E-04 

5.879E+00 

7.919E+03 

4.00 

3.00 

100 

3.82E+00 

5.7535E-04 

5.881E+00 

6.635E+03 

4.00 

3.00 

200 

3.86E+00 

5.8842E-04 

5.881E-S-00 

6.565E+03 

4.00 

0.00 

100 

3.76E+00 

7.S808E-04 

5.883E+00 

4.955E+03 

4.00 

0.00 

200 

3.80E+00 

7.5807E-04 

5.883E+00 

5.015E+03 

8.00 

6.00 

100 

7.66E+00 

1.2298E-03 

5.877E+00 

6.232E+03 

8.00 

6.00 

200 

7.6SE+00 

1.2299E-03 

5.877E+00 

6.220E+03 

8.00 

3.00 

100 

7.60E+00 

1.4389E-03 

5.878E+00 

5.285E+03 

8.00 

3.00 

200 

7.54E+00 

1.4389E-03 

5.878E+00 

5.242E+03 

8.00 

0.00 

100 

7.56E+00 

1.7262E-03 

5.380E+0  0 

4.379E+03 

8.00 

0.00 

200 

7.48E+00 

1.7394E-03 

5.880E+00 

4.302E+03 

10.00 

6.00 

100 

9.66E+00 

1.6236E-03 

5.8  7 JE+00 

5.948E+03 

10.00 

6.00 

200 

9.60E+00 

1.6370E-03 

5.872E+00 

5.8S2E+03 

10.00 

3.00 

100 

9.55E+00 

1.8989E-03 

5.872E+00 

5.030E+03 

10.00 

3.00 

200 

9.61E+00 

1.9647E-03 

5.871E+00 

4.892E+03 

10.00 

0.00 

100 

9. 84E+00 

2.2794E-03 

5.870E+00 

4.317E+03 

10.00 

0.00 

200 

9.85E+00 

2.3325E-03 

6.868E+00 

4.225E+03 

Figure  3.1  Typical  Output  Format  of  Resilient  Modulus  Test 
Result 
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3.2.3  Data  Acquisition  and  Processing 

The  data  acquisition  system  for  the  resilient  modulus  test 
is  composed  of  a  DT  2801  board,  RS-232  interface,  PCLAB 
software  and  resilient  modulus  testing  software.  The  DT  2801 
board  contains  two  12-bit  D/A  converters,  a  12-bit  A/D 
converter  and  16-line  digital  I/O  ports.  This  board  is  plugged 
into  a  system  expansion  slot  in  a  personal  computer  and 
connected  to  the  controlling  modules  through  the  RS-232 
interface.  PCLAB  software  consists  of  libraries  of  routines 
supporting  analog  and  digital  data  transfers  for  the  DT  board 
both  into  and  out  of  the  personal  computer,  and  allows 
manipulation  of  the  interface  board. 

The  Analog  to  Digital  (A/D)  converter  changes  the  analog 
voltage  from  transducers  into  a  binary  code  which  is 
intelligible  to  the  computer.  During  the  resilient  modulus 
test,  signals  from  the  load  cell  and  displacement  gauge  are 
obtained  simultaneously  over  two  channels  through  the 
interface  board.  An  on-board  programmable  clock  in  the  DT 
board  is  set  to  take  2000  sets  of  data  over  one  cycle  duration 
of  the  stress  pulse. 

The  Digital  to  Analog  (D/A)  converter  changes  a  digital 
code  into  a  continuously  varying  analog  signal.  The  binary 
code  corresponding  to  a  desired  level  of  confining  pressure 
generated  by  test  software  is  converted  to  an  analog  signal  by 
the  D/A  converter. 

Stress  pulses  generated  by  resilient  modulus  testing 
software  are  sent  to  the  waveform  generator  through  a  digital 
I/O  port.  The  waveform  generator  containing  an  18-bit  D/A 
converter  changes  stress  pulses  in  digital  code  into  analog 
signals,  and  sends  them  to  a  DC  load  controller  which  drives 
the  hydraulic  actuator  to  apply  the  desired  load  to  the 
specimen. 

Measured  loads  and  displacements  are  transferred  through 
the  A/D  converter  and  are  used  to  calculate  the  deviator 
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stress,  resilient  strain  and  resilient  modulus.  Resilient 
strain  is  obtained  by  dividing  the  difference  between  maximum 
and  minimum  displacement  during  a  cycle  duration  by  the  length 
of  the  specimen.  Permanent  displacement  is  calculated  by 
subtracting  the  initial  displacement  reading  at  the  start  of 
the  resilient  modulus  test  from  the  minimum  displacement 
measured. 

Due  to  the  displacement  caused  during  the  test,  the  cross 
sectional  area  of  the  specimen  is  corrected  as  follows; 

A  -       A±nit 

corr         d 

Linit 

where  A,.^  and  A^  are  the  corrected  and  initial  cross-sectional 
area  of  specimen,  respectively;  d^,,,,  is  the  permanent 
displacement;  L^  is  initial  specimen  length  at  the  start  of 
test.  Deviator  stress  is  calculated  by  dividing  the  obtained 
difference  between  maximum  and  minimum  load  with  corrected 
cross-sectional  area  of  specimen.  Resilient  modulus  is,  then, 
obtained  as  follows; 

where  ad  is  the  deviator  stress  and  er  is  resilient  strain. 

3.3  Test  Procedure  for  Resilient  Modulus 

This  section  explains  the  procedure  for  setting  up  and 
testing  the  prepared  specimen  for  determination  of  resilient 
modulus.  Summarized  testing  procedure  is  as  follows: 

1.  Turn  on  the  power  of  the  main  console  and  auxiliary 
eguipment,  and  wait  until  all  electrical  self -checks  are 
passed.  Adjust  span  to  10,  and  reduce  gain  and  rate  for 
controllers  to  minimum  value; 
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2.  Check  the  full  scale  setting  for  each  transducer. 
Full  scale  setting  of  transducer  should  be  identical  to  the 
scale  of  the  range  cartridge.  Make  sure  that  the  displacement 
controller  is  active  and  adjust  the  set  point  control  on  the 
displacement  controller  to  make  the  DC  error  zero; 

3.  Turn  on  hydraulic  power.  Move  the  crosshead  of 
loading  frame  to  have  enough  clearance  for  loading  piston  and 
triaxial  cell,  and  lock  the  crosshead.  Adjust  the  location  of 
loading  piston  by  rotating  set  point  control  in  displacement 
controller; 

4.  Check  the  parameters  of  warm-up  waves.  A  sinusoidal 
warm-up  wave  having  10  mm  peak  to  peak  amplitude  and  1  Hz 
frequency  is  already  programmed  and  stored  in  the  waveform 
generator.  Run  this  program,  and  the  loading  piston  starts  to 
move  following  sinusoidal  action.  By  running  this  program 
until  the  hydraulic  system  is  warmed  up,  smoother  loading  is 
applied  to  the  specimen  during  the  test; 

5.  Measure  the  dimensions  and  weight  of  specimen.  Place 
the  specimen  in  the  triaxial  cell  and  put  the  rubber  membrane 
on  the  specimen.  Put  O-rings  on  the  membrane  and  connect  the 
drainage  lines  to  the  specimen; 

6.  Get  into  the  resilient  modulus  testing  program  in  the 
PC  to  prepare  the  input  file.  Type  in  the  input  parameters 
following  the  instructions  from  the  screen; 

7.  Stop  running  the  warm-up  program.  Locate  the  triaxial 
cell  containing  the  specimen  and  align  the  loading  ram  of 
triaxial  cell  and  the  loading  piston  connected  to  the 
actuator ; 

8.  Adjust  the  zero  control  in  the  force  controller  to 
zero  the  conditioned  signal  of  the  load  cell.  Make  the  DC 
error  of  force  controller  zero  and  transfer  active  control  to 
the  force  controller.  Adjust  carefully  the  set  point  control 
in  the  force  controller  to  make  the  loading  piston  contact  the 
loading  ram  of  the  triaxial  cell,  and  apply  about  2  lbs 
seating  load  on  the  specimen.  Couple  the  loading  piston  to  the 
loading  ram  by  tightening  the  screws.  Fix  the  triaxial  cell 
tightly  to  the  supporting  deck  of  the  loading  frame  by  clamps. 
Since  the  system  is  in  force  control,  the  loading  piston  will 
move  up  if  the  force  transducer  feels  no  compressive  seating 
load.  Therefore,  it  is  necessary  to  monitor  the  change  in 
magnitude  of  the  seating  load; 

9.  Adjust  the  zero  control  in  the  displacement 
controller  to  zero  the  conditioned  signal  from  LVDT.  Connect 
the  air  supply  line  from  the  confining  pressure  regulator  to 
the  coupling  on  top  of  the  triaxial  cell.  Connect  the  coaxial 
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signal  cable  to  the  confining  pressure  transducer,  and  adjust 
the  zero  control  in  the  confining  pressure  controller  to  zero 
its  output  signal; 

10.  Install  the  displacement  gage  on  the  supporting 
block  fixed  on  top  of  the  cell  so  that  the  extended  sensing 
arm  contacts  the  concentric  bracket  attached  to  the  loading 
piston .  Connect  the  signal  cable  to  the  displacement  gage. 
Rotate  the  height  adjustment  handle  to  move  the  displacement 
gage  to  the  location  giving  an  output  signal  near  zero.  Adjust 
the  zero  control  in  the  displacement  gage  controller  to  zero 
its  output  signal; 

11.  Activate  the  interlocks.  Switch  the  mode  of 
Microprof iler  to  the  remote  mode  to  enable  the  computer  to 
control  the  testing  system; 

12.  Run  the  test  program  to  start  the  resilient  modulus 
test.  Follow  the  instructions  in  the  monitor  to  verify  the 
status  of  the  system.  Once  the  verification  is  over,  the  test 
procedure  is  fully  controlled  by  the  testing  software. 
Confining  pressure  is  increased  to  a  desired  level  and  the 
repetitive  stress  pulse  is  applied  to  the  specimen; 

13.  To  achieve  the  desired  deviator  stress  level  and  to 
get  better  response  between  testing  equipment  and  the 
specimen,  command  conditioning  units  in  force  controller  are 
adjusted  during  the  test  while  observing  the  calculated 
deviator  stress  in  monitor  or  by  observing  the  input  and 
output  signals  of  force  transducer  on  the  oscilloscope; 

14.  After  the  test  is  over,  disconnect  the  signal  cables 
from  transducers  and  detach  the  displacement  gage  from 
supporting  block.  Uncouple  the  air  supply  line  from  triaxial 
cell.  Disconnect  the  triaxial  cell  from  the  loading  piston. 
Move  up  the  loading  piston  slowly  by  adjusting  the  set  point 
control  in  the  force  controller.  Quickly  transfer  the  active 
control  to  the  displacement  controller.  Remove  the  triaxial 
cell  from  loading  frame. 


3.4  Reliability  of  Test  Result 

3.4.1  Performance  of  Testing  System 

Since  the  resilient  modulus  testing  system  is  a 
sophisticated  one,  it  is  necessary  to  evaluate  the  performance 
of  the  system  by  checking  the  response  measured  during  the 
test.  The  haversine  waveform  of  0.1  second  load  duration  and 
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1.0  second  cyclic  duration  was  used  for  the  tests  presented  in 
this  report.  Figure  3.2  is  the  typical  plot  of  measured 
deviator  stress  for  a  single  cycle  of  stress  pulse  during  the 
test  on  cohesive  soil.  It  can  be  seen  that  the  testing  system 
generates  the  intended  waveform  almost  perfectly. 

Figures  3.3  to  3.5  show  the  deviator  stresses,  strains, 
and  resilient  moduli  measured  during  the  conditioning  stage  on 
one  of  the  sand  specimens  prepared  by  vibratory  compaction  in 
the  laboratory.  It  is  shown  in  Figure  3.3  that  the  testing 
system  maintains  the  magnitudes  of  deviator  stress  closely  to 
the  target  values  throughout  the  whole  conditioning  stage. 
Figure  3.4  is  the  plot  of  the  variation  of  total  strain, 
resilient  strain  and  permanent  strain  during  the  conditioning 
stage.  It  shows  that  resilient  strain  remains  almost  constant 
while  the  permanent  strain  increases  continuously.  The 
permanent  strain  increases  at  a  relatively  rapid  rate  for  the 
first  50  applications  of  loading  after  the  magnitude  of 
deviator  stress  is  changed,  and  it  approaches  a  constant  value 
as  the  number  of  stress  application  increases.  It  appears  that 
the  displacement  gage  used  gives  reliable  measurement  of 
specimen  deformation.  Figure  3.5  is  the  plot  of  resilient 
moduli  calculated  from  the  measured  deviator  stresses  and 
resilient  strains  shown  in  Figure  3.3  and  3.4.  It  appears  that 
the  resilient  modulus  is  consistent  during  each  stage  of  the 
test  (200  applications  of  stress  pulse) . 

3.4.2  Accuracy  of  Test  Result 

Since  the  1960's  when  researchers  started  to  realize  the 
necessity  of  repeated  loading  type  of  test  to  simulate  the 
actual  pavement  behavior  due  to  a  moving  wheel,  many  resilient 
modulus  test  results  have  been  reported.  However,  there  has 
been  no  chance  to  compare  the  variation  of  resilient  modulus 
test  results  between  laboratories  until  a  Round  Robin  test  and 
the  SHRP  (Strategic  Highway  Research  Project)  program  were 
carried  out. 
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Figure  3.2   Stress  Pulse  Measured  During  Resilient  Modulus 
Test 
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Purdue  University  participated  in  the  Round  Robin  test 
hosted  by  the  New  York  Department  of  Transportation.  Identical 
sand  and  clay  soils  were  distributed  to  10  participating 
laboratories  throughout  the  United  States,  and  resilient 
modulus  tests  were  performed  following  a  specification 
provided  by  the  N.Y.  DOT.  The  granular  soil  tested  was  a 
uniform  sand  from  Albany  (New  York)  having  an  average  3.9 
percent  finer  than  #  200  sieve  by  weight.  Cohesive  soil  tested 
was  a  medium  plastic  clay  with  LL=38  percent  and  PL=19.3 
percent.  Both  materials  were  compacted  in  a  4 -inch  diameter 
and  8-inch  height  split  mold  with  Modified  Proctor  energy. 
Compaction  water  content  for  clay  and  sand  were  14  percent  and 
12  percent,  respectively. 

Summarized  test  results  (Lenker,  1992)  from  eight 
laboratories  indicated  that  the  test  results  on  clay  show 
significant  variability  between  laboratories.  The  test  results 
in  the  same  laboratory  show  large  difference  in  measured 
resilient  modulus.  According  to  the  test  results  obtained  at 
Purdue  University,  resilient  modulus  varies  significantly  even 
though  the  dry  density  and  water  content  for  five  compacted 
clay  specimens  are  almost  identical.  Large  variability  of  test 
results  on  clay  soil  may  be  attributed  to  the  quality  of 
compacted  specimen.  Compaction  water  content  requested  by  N.Y. 
DOT  was  about  5  percent  lower  than  the  plastic  limit  of  the 
given  soil,  and  defects  between  the  compaction  layers  were 
observed  during  the  test.  These  defects  have  a  large  influence 
on  resilient  modulus  value  since  the  resilient  strain  measured 
for  this  clay  was  about  10"*  -  10s  in/ in.  Therefore,  it  appears 
that,  in  Round  Robin  test  on  the  clay  soil,  the  quality  of 
compacted  specimen  has  a  larger  influence  on  the  measured 
resilient  modulus  than  the  performance  of  the  testing  system. 

On  the  other  hand,  resilient  modulus  test  results  on  the 
granular  soil  show  far  smaller,  but  still  moderate,  variation 
between  laboratories  and  good  repeatability  within  each 
laboratory.  Considering  the  repeatability  of  the  test  results 
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in  each  laboratory,  it  is  reasonable  to  assume  that  each 
laboratory  produced  almost  identical  compacted  specimens  for 
resilient  modulus  test.  No  visible  defects  was  observed  in 
compacted  sand  specimens.  Therefore,  the  variation  between 
laboratories  may  be  attributed  to  the  performance  of  testing 
systems,  e.g.  test  equipment,  test  control  and  data 
acquisition  system,  calibration  of  system  etc. 

From  the  above  discussions,  it  can  be  concluded  that 
differences  in  test  results  exist  between  laboratories,  and 
this  may  be  due  to  the  different  configuration  of  testing 
system  and  the  testing  experience.  The  resilient  modulus  test 
result  on  clay  appears  to  be  influenced  more  by  the  sample 
preparation  procedure  than  the  performance  of  the  testing 
system.  It  is  believed  that  the  evaluation  of  the  accuracy  of 
test  is  difficult  at  this  stage  and  remains  inconclusive. 

3.4.3  Repeatability  of  Test  Result 

Among  participating  laboratories  in  the  Round  Robin  test, 
Purdue  University  shows  the  smallest  variation  in  the  test 
results  on  five  compacted  sand  specimens.  For  the  equation 
MR=k10k2  used  to  fit  the  test  result,  coefficients  of  variation 
for  parameters  k,  and  k2  are  4.3  percent  and  2.2  percent, 
respectively.  For  other  laboratories,  coefficient  of  variation 
for  k,  ranges  from  5.2  percent  to  55.7  percent  and  coefficient 
of  variation  of  k2  from  2.9  percent  to  48.9  percent. 

Table  3.2  shows  the  Round  Robin  test  results  on  the 
granular  soil  by  Purdue  University.  As  can  be  seen,  water 
content  and  dry  density  are  very  close  for  all  the  specimen. 
Therefore,  all  five  specimen  prepared  can  be  considered  as 
identical  specimens.  It  is  noted  that  the  model  MR=k,6t2  fits 
test  result  perfectly.  All  the  test  results  are  plotted  in 
Figure  3.6  for  comparison,  and  resilient  response  of  specimens 
are  almost  identical.  Therefore,  it  can  be  concluded  that  the 
resilient  modulus  testing  system  developed  shows  good 
repeatability  while  the  accuracy  of  test  is  inconclusive. 
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Figure  3.6     Result  of  Round  Robin  Test  on  Granular  Soil 
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Table  3.2   Result  of  Round  Robin  Test  on  Granular  Soil 


Test   ID 

W/C    (%) 

Td    (Pcf) 

Regr .    Eqn . 

R2 

1 

10.64 

111.63 

MR=2592  00-6027 

0.995 

2 

11.35 

109.91 

MR=285O005761 

0.987 

3 

11.22 

110.12 

MR=2774  005817 

0.987 

4 

11.33 

110.64 

MR=2883  005727 

0.993 

5 

11.12 

110.55 

MR=2811005813 

0.993 
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4.  RESILIENT  MODULUS  OF  COHESIVE  SOILS 
4 . 1  Introduction 

Resilient  modulus  is  a  basic  material  property  that  can 
be  included  in  mechanistic  analysis  of  multilayered  systems 
for  predicting  behavior  of  pavement.  The  198  6  AASHTO  Guide  for 
the  Design  of  Pavement  Structures  introduced  the  resilient 
modulus  as  a  definitive  material  property  to  characterize 
roadbed  soil.  Although  the  incorporation  of  resilient  modulus 
represents  a  significant  advance  in  pavement  design  practice, 
most  highway  engineers  are  not  familiar  with  the  resilient 
modulus  and  most  highway  agencies  do  not  have  experience  with 
the  resilient  modulus  test. 

Therefore,  at  first,  development  of  proper  testing 
eguipment  and  technique  is  required.  It  is  also  necessary  to 
develop  a  broad  data  base  on  resilient  modulus  for  the  soils 
expected  to  be  encountered  in  pavement  construction.  Finally, 
since  the  resilient  modulus  test  is  a  complex  and  time- 
consuming  test,  it  is  beneficial  to  try  to  develop  reliable 
correlations  between  resilient  properties  and  the  parameters 
from  more  simple  routine  tests. 

To  develop  the  data  base  on  the  resilient  properties  of 
typical  clayey  subgrade  soils  in  Indiana,  undisturbed  samples 
were  obtained  from  five  in-service  subgrades.  Resilient 
modulus  tests  on  samples  prepared  by  impact  compaction  were 
performed  to  evaluate  the  relationship  between  the  resilient 
characteristics  of  field  compacted  soils  and  those  of 
laboratory  compacted  soils. 
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4.2  Factors  Affecting  Resilient  Modulus  of  Cohesive  Soils 

4.2.1  Number  of  Stress  Applications 

When  repetitive  loadings  are  applied,  the  soil  undergoes 
a  plastic  deformation  plus  a  recoverable  deformation.  Many 
studies  on  the  effects  of  repeated  loading  on  the  plastic 
deformation  of  cohesive  soils  (Brown  et  al.,  1975;  Raymond  et 
al.,  1979;  Seed  et  al.,  1955;  1958;  1960;  1961;  1962;  1967; 
Monismith  et  al.,  1967;  and  Grainger  and  Lister,  1962)  have 
been  performed.  It  was  shown  that  the  plastic  deformation 
increases  continuously  with  repetitions  of  loading  as  function 
of  stress  level,  stress  history  and  sensitivity  of  soil,  and 
frequency  and  duration  of  loading. 

Seed  et  al.  (1962)  and  Tanimoto  and  Nishi  (1970)  showed 
that  the  resilient  strain  of  laboratory  compacted  soil  on  the 
wet  side  of  the  optimum  water  content  varies  markedly  at  the 
first  several  thousands  of  stress  repetitions  and  then 
decreases  gradually;  soil  compacted  on  the  dry  side  shows 
relatively  small  variation  in  resilient  strain.  Tanimoto  and 
Nishi  (1970)  also  showed  that  changes  of  resilient  strains  of 
undisturbed  specimens  obtained  from  in-service  subgrade  are 
similar  to  those  of  specimens  compacted  wet  of  optimum  in  the 
laboratory;  the  variation  of  resilient  strains  of  undisturbed 
specimens  is  comparatively  small  in  spite  of  the  higher  water 
content.  Monismith  et  al.  (1967)  reported  test  results  on 
natural  subgrade  soil  that  indicated  resilient  strains  tend  to 
be  stable  or  decrease  slightly  with  repeated  loading  up  to 
approximately  1000  applications  and  then  remain  constant  or 
increase  slightly. 

4.2.2  Thixotropy 

It  was. shown  by  Mitchell  (1960)  and  Seed  and  Chan  (1957) 
that  samples  compacted  to  a  high  degree  of  saturation  exhibit 
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a  significant  increase  in  strength  if  they  are  allowed  to  rest 
before  tested.  Similar  effects  were  observed  by  Seed  et  al. 
(1962)  in  the  studies  of  the  resilient  characteristics  of 
AASHO  Test  Road  subgrade  soil  prepared  by  kneading  compaction. 
The  effect  of  thixotropy  on  resilient  strains  varies  with  the 
number  of  stress  applications  but  a  marked  reduction  in  total 
deformation  due  to  thixotropic  strength  gain  is  apparent.  Up 
to  40,000  repetitions,  an  increase  in  storage  time  reduces  the 
resilient  strain,  but  for  larger  numbers  of  stress  repetitions 
the  resilient  deformations  are  not  significantly  affected  by 
thixotropy.  This  is  probably  due  to  the  fact  that  the 
deformations  induced  by  the  repeated  load  progressively 
destroy  the  thixotropic  strength  gain  in  aged  samples. 

Tanimoto  and  Nishi  (1970)  showed  that  the  storage  period 
has  little  effect  on  the  resilient  characteristics  of  the 
sample  compacted  about  4  percent  dry  of  optimum  while  the 
storage  time  causes  a  large  change  in  the  resilient 
characteristics  of  specimens  compacted  wet  of  optimum. 

4.2.3  Level  of  Stresses 

The  resilient  modulus  of  cohesive  soil  is  significantly 
affected  by  the  magnitude  of  the  deviator  stress  and  confining 
stress.  Several  studies  (Seed  et  al.,  1962;  Monismith  et  al., 
1967;  Thompson  and  Robnett,  1979;  Tanimoto  and  Nishi,  1970; 
Brown  et  al.,  1975)  have  shown  that,  at  low  levels  of  repeated 
deviator  stress,  the  resilient  modulus  decreases  rapidly  with 
increasing  deviator  stress;  the  rate  of  decrease  is  smaller  at 
higher  deviator  stresses. 

A  simple  expression  relating  resilient  modulus  to  the 
deviator  stress  has  been  widely  used: 

where  kt  and  k2  are  material  constants  determined  from  test.  It 
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is  noted  that  this  equation  does  not  include  the  confining 
stress. 

Brown  et  al.  (1975)  studied  the  effect  of 
overconsolidation  ratio  on  the  resilient  characteristics  of 
reconstituted  Keuper  marl,  and  concluded  that  the  resilient 
modulus  is  a  function  of  initial  effective  confining  stress 
together  with  the  cyclic  deviator  stress.  By  normalizing  the 
deviator  stress  with  respect  to  the  initial  stress  state  of 
the  sample,  a  unique  relationship  was  obtained  as  follows: 

MB— K 


o,     a 


R 


where  o3'  is  initial  effective  confining  stress;  ad  is  the 
deviator  stress;  and  K  and  n  are  material  parameters. 

In  an  extensive  study  on  the  Illinois  soils  prepared  by 
kneading  compaction,  Robnett  and  Thompson  (1976)  found  that 
the  stress  dependency  of  resilient  modulus  could  be  adequately 
characterized  as  two  intersecting  straight  lines  in  the  plot 
between  resilient  modulus  and  repeated  deviator  stress.  The 
deviator  stress  at  the  point  of  intersection  was  approximately 
6  psi  and  was  defined  as  the  break-point  deviator  stress,  adi. 
The  resilient  modulus  at  a&  was  defined  as  the  break-point 
resilient  modulus,  M„. 

From  tests  on  Leda  clay,  Raymond  et  al.  (1979)  showed  a 
linear  relationship  between  resilient  modulus  and  stress 
difference  factor  at  105  cycles,  which  is  expressed  as 

W^IO'1-60"1-37^ 

where  X  is  a  stress  difference  factor  defined  as  the  repeated 
deviator  stress  divided  by  the  axial  deviator  stress  that 
caused  failure  in  a  static  drained  test  at  the  same  confining 
pressure;  MR  is  resilient  modulus  in  MPa. 

Drumm  et  al.  (1990)  conducted  repeated-load  triaxial 
tests  on  laboratory  compacted  specimens  from  11  Tennessee 
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soils.  The  relationship  between  resilient  modulus  and  deviator 
stress  was  expressed  as  an  hyperbolic  relation: 


where  a'  and  b'  are  functions  of  parameters  from  the 
unconfined  compression  test,  percent  clay,  Atterberg  limits, 
dry  unit  weight,  degree  of  saturation,  and  percent  finer  than 
#200  sieve. 

4.2.4  Matrix  Suction 

Dehlen  (1969)  and  Finn  et  al.  (1972)  showed  that  a  linear 
relationship  exists  between  the  resilient  modulus  measured  by 
laboratory  repeated-load  tests  and  soil  moisture  suction.  It 
was  also  shown  that  laboratory  prepared  specimens  exhibit  the 
same  stiffness  characteristics  as  field  compacted  specimens 
when  specimens  are  compared  at  the  same  values  of  suction. 

Fredlund  et  al.  (1975)  proposed  from  a  stress  analysis 
standpoint  that  the  resilient  modulus  is  a  function  of  three 
stress  variables; 

MR=f[  (o3-ua)  ,  (ax-aj  ,  (ua-uw)  ] 

where  MR  is  the  resilient  modulus;  a3  is  the  confining  stress; 
a,  is  the  major  principal  stress;  u,  is  the  pore  air  pressure; 
u^  is  the  pore  water  pressure;  (er3-U,)  is  the  net  confining 
stress;  (ct,-ct3)  is  the  deviator  stress,  and  (u.-u,)  is  the 
matrix  suction.  The  resilient  modulus  tests  were  performed  on 
glacial  till  compacted  statically  in  the  laboratory,  and  the 
following  eguation  was  proposed: 

L0flCJfje=Cld-I!Jld(01-03) 

where  cld  and  mld  are  the  intercept  and  slope  of  the  semilog 
plot,  respectively.  The  slopes  and  intercepts  of  the  semilog 
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plots  of  resilient  modulus  versus  deviator  stress  were,  then, 
expressed  as  a  function  of  matrix  suction.  A  family  of  curves 
of  resilient  modulus  versus  matrix  suction  was  obtained.  To 
correct  the  resilient  modulus  for  different  levels  of 
confining  stress,  the  following  equation  was  suggested: 

AWje=mcA(o3-ua) 

where  AMR  is  the  change  in  resilient  modulus,  mc  is  slope  of 
the  plot  for  confining  stress  versus  resilient  modulus,  and 
A(a3-u,)  is  the  change  in  confining  stress  from  that  used  to 
define  the  plot  for  resilient  modulus  versus  deviator  stress. 

4.2.5  Method  of  Compaction 

Previous  studies  of  compacted  clays  showed  that  the 
method  of  compaction  has  a  profound  effect  on  soil  structure 
and  strength  characteristics,  and  that  the  molding  water 
content  and  the  change  of  water  content  after  compaction  have 
significant  effects  on  the  strength  characteristics  of 
compacted  clay.  Lambe  (1958)  stated,  based  on  colloidal 
theory,  that  compaction  of  clay  soil  at  dry  of  optimum  tends 
to  produce  a  flocculated  arrangement  of  clay  particles,  while 
compaction  of  a  same  soil  at  wet  of  optimum  tends  to  produce 
a  dispersed  arrangement  of  particles.  Considering  the  effect 
of  shear  strain  induced  during  compaction,  Seed  and  Chan 
(1959)  concluded  that  for  samples  compacted  to  low  degrees  of 
saturation,  the  method  of  compaction  has  little  effect  on  the 
structure  and  properties  of  soil  while  for  samples  compacted 
to  high  degrees  of  saturation,  variations  in  method  of 
compaction  cause  large  changes  in  structure  and  properties. 
Lines  of  optimum  on  a  compaction  plot  were  recommended  as  a 
boundary  line  between  high  and  low  degrees  of  saturation. 
Generally,  it  has  been  known  that  the  kneading  and  impact 
methods  produce  a  flocculent  structure  dry  of  optimum  and  a 
dispersed  structure  at  wet  of  optimum,  while  static  compaction 
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tends  to  produce  the  flocculated  structure  at  any  molding 
water  content. 

Seed  et  al.  (1962)  suggested  that  the  foregoing 
conclusions  were  also  applicable  to  the  resilient 
characteristics  of  compacted  clays.  From  the  tests  on  samples 
from  the  AASHO  test  road  subgrade  prepared  by  kneading  and 
static  compaction,  it  was  shown  that  resilient  strains  of 
samples  compacted  at  water  content  below  optimum  were  about 
the  same  for  both  methods  of  compaction;  the  resilient  strain 
of  the  kneading  compacted  specimens  was  markedly  larger  than 
that  of  the  static  compacted  specimens  when  the  compaction 
water  content  was  above  optimum. 

Elliott  and  Thornton  (1988)  reported  test  results  on  five 
Arkansas  cohesive  soils  compacted  using  both  kneading  and 
static  methods.  Two  of  the  five  soils  tested  were  found  to  be 
affected  by  compaction  method  and  the  other  soils  showed 
virtually  the  same  resilient  response.  For  soils  affected  by 
the  compaction  method,  the  resilient  modulus  of  that  prepared 
by  static  compaction  was  higher  than  that  by  kneading 
compaction  for  the  entire  range  of  water  content. 

4.2.6  Compaction  Water  Content  and  Dry  Density 

The  influence  of  compaction  water  content  and  density  on 
the  resilient  characteristics  of  subgrade  soils  is  important 
since  the  placement  of  compacted  fill  is  specified  and 
controlled  by  these  factors. 

Seed  et  al.  (1962)  and  Tanimoto  and  Nishi  (1970)  showed 
that  resilient  strains  were  relatively  small  for  specimens 
prepared  dry  of  optimum  and  increased  rapidly  as  the  water 
content  exceeded  the  optimum.  Seed  et  al.  (1962)  and  Monismith 
et  al.  (1967)  developed  contours  of  resilient  strain  as 
functions  of  water  content  and  dry  density  which  could  be  used 
to  determine  the  influence  of  compaction  conditions  on  as- 
compacted  resilient  strains.  It  was  shown  that,  at  high  degree 
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of  saturation,  small  changes  in  water  content  and  density 
caused  large  change  of  resilient  strain.  The  desirability  of 
compacting  soil  to  low  degrees  of  saturation  in  order  to 
minimize  resilient  strain  was  also  apparent. 

Thompson  and  Robnett  (1979)  showed  that  the  resilient 
modulus  decreased  as  the  degree  of  saturation  increased.  The 
relationship  between  resilient  modulus  and  the  degree  of 
saturation  was  different  for  95%  and  100%  compaction  relative 
to  maximum  density  by  Standard  Proctor  compaction,  and  the 
difference  was  reduced  at  increased  degrees  of  saturation. 
Regression  equations  obtained  were: 

Afri=45.2-0.4285r 

Mri=32.9-0.3345r 

where  M,;  is  break-point  resilient  modulus  in  ksi,  and  Sr  is 
degree  of  saturation  (as-compacted)  in  percent.  The  first 
equation  is  for  100%  relative  compaction  and  the  second  is  for 
95%  relative  compaction. 

4.2.7  Stabilization 

From  chemical  stabilization  studies,  lime  has  been  the 
only  additive  studied  relative  to  the  resilient  behavior  of 
cohesive  subgrade  soil.  The  addition  of  lime  to  a  fine-grained 
soil  initiates  several  reactions.  Cation  exchange  and 
agglomeration-f locculation  reactions  cause  immediate 
improvement  in  soil  plasticity,  workability,  uncured  strength, 
and  volume  change.  Plasticity  and  swell  are  reduced  and 
workability  is  substantially  improved  because  of  the  low 
plasticity  and  the  friable  nature  of  the  mixture.  Depending  on 
the  characteristics  of  the  soil  being  stabilized,  a  soil-lime 
pozzolanic  reaction  may  also  occur  to  form  various  cementing 
agents  that  increase  compacted  mixture  strength  and 
durability. 
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Robnett  and  Thompson  (1976)  tested  Illinois  soils  treated 
with  lime  and  compacted  in  the  laboratory,  and  showed  that 
resilient  response  of  uncured  lime-treated  soil  was 
substantially  different  from  the  response  of  untreated  soil. 
It  was  also  found  that  the  detrimental  effects  of  freeze-thaw 
cycles  on  resilient  behavior  appeared  to  be  minimized  or 
eliminated  when  the  soils  were  treated  with  5  percent  calcium- 
hydrated  lime.  The  resilient  moduli  of  untreated  soils  ranged 
from  3000  to  6000  psi  after  freeze-thaw  cycles  while  those  of 
lime-treated  soils  ranged  from  14000  to  20000  psi  after  10 
freeze-that  cycles,  showing  the  remarkable  strengthening 
effect  of  lime  treatment. 

4.3  Resilient  Modulus  Test  on  Field  Compacted  Cohesive  Soils 

4.3.1  Sampling  of  Soils 

Typical  cohesive  soils  in  Indiana  were  obtained  from  five 
sites.  Soils  sampled  are  classified  as  CL  and  CH  in  the 
Unified  Soil  Classification  System,  and  as  A-4 ,  A-6,  A-7-5, 
and  A-7-6  in  the  AASHTO  classification  as  shown  in  Figure  2.1. 
Information  on  sampling  sites  is  given  in  Table  2.1. 

The  pavement  surface  was  cored  by  a  12-inch  diameter 
coring  machine,  and  gravels  in  the  base  and  subbase  layer  were 
removed  by  a  hollow-stem  auger  to  expose  the  top  of  subgrade. 
After  removing  the  debris  at  the  bottom  of  hole,  a  Shelby  tube 
lubed  with  silicone  oil  was  pushed  slowly  by  a  drill  rig.  The 
Shelby  tube  was  usually  pushed  24  inches  into  the  subgrade, 
unless  it  hit  gravels,  and  was  left  for  about  two  to  three 
minutes  to  allow  the  soil  to  stick  to  the  tube.  Then,  the  tube 
was  rotated  slowly  180  degrees  and  lifted  from  the  hole.  If 
the  sample  was  not  recovered  with  the  lubed  tube,  an  unlubed 
tube  was  used  for  next  sampling. 

Tubes  containing  soils  were  sealed  with  a  plastic  cap, 
packer  and  sealing  tape  immediately  after  they  were  removed 
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from  the  drilled  hole.  Each  tube  was  marked  with  location  and 
depth  for  identification.  Sealed  tubes  were  brought  and  stored 
in  an  environmental  chamber  controlled  to  a  temperature  of 
10 °C  and  an  humidity  of  95  percent. 

It  was  shown  in  Figures  2.2  to  2.8  that  the  degree  of 
saturation  increases  after  construction  and  approached  90 
percent  to  100  percent  as  the  service  period  increased  after 
construction.  Field  compaction  appears  to  match  laboratory 
compaction  with  the  compactive  effort  equal  to  or  less  than 
Standard  Proctor  energy.  Some  of  the  data  implies  that  the 
line  of  optimums  for  field  compaction  is  different  from  that 
of  laboratory  compaction. 

4.3.2  Laboratory  Experimental  Program 

The  laboratory  experimental  program  consists  of 
unconfined  compression  tests,  repeated-loading  triaxial  test 
for  resilient  modulus,  mercury  intrusion  porosimetry,  and 
conventional  index  tests.  Since  specimens  from  the  field  are 
not  identical,  unlike  the  specimens  compacted  in  the 
laboratory,  all  the  tests  mentioned  above  need  to  be  performed 
on  the  same  specimen.  Detailed  information  on  each  specimen 
used  for  laboratory  tests  is  given  in  Appendix  A. 

Since  the  soils  in  the  Shelby  tube  stick  to  the  tube  wall 
during  storage,  it  is  difficult  to  extrude  the  soil  from  the 
tube  without  disturbance.  Soils  compacted  in  the  field  were 
observed  to  have  invisible  cracks  at  compacted  lift  boundaries 
approximately  every  6  inches.  Therefore,  each  specimen  was 
prepared  for  testing  by  cutting  the  tube  longitudinally  and 
splitting  it  to  remove  the  soil  from  the  tube.  All  specimens 
were  trimmed  to  have  heights  of  5.8  to  6.1  inches.  The 
periphery  of  specimen  was  not  trimmed  and  the  diameter  ranged 
from  2.85  to  2.88  inches.  Several  sizes  of  gravel  typically 
less  than  10  mm  in  diameter  were  found  in  the  Fort  Wayne  and 
South  Bend  soils.  Because  these  gravels  were  insignificant  by 
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weight  and  were  imbedded  in  a  cohesive  soil  matrix  in 
specimens,  it  is  believed  that  they  did  not  affect  the 
laboratory  test  results  appreciably. 

After  measuring  dimensions  and  weight  of  specimen,  and 
putting  on  the  rubber  membrane,  an  unconfined  compression  test 
was  carried  out  up  to  0.06-inch  deformation  with  1  percent 
strain  per  minute  (0.001  inch/second).  Since  the  resilient 
modulus  test  has  a  conditioning  stage  and  the  deformation 
during  the  unconfined  compression  test  is  only  0.06  inch, 
performing  the  unconfined  compression  test  before  the 
resilient  modulus  test  is  not  believed  to  have  a  significant 
effect  on  the  resilient  modulus. 

After  the  unconfined  compression  test,  the  resilient 
modulus  test  was  conducted  on  the  same  specimen,  following  the 
procedure  described  in  AASHTO  T  274-82.  The  haversine  stress 
pulse  with  a  load  duration  of  0.1  second  and  a  cycle  duration 
of  1  second  was  used  to  apply  the  repeated  load  to  specimen. 
After  the  resilient  modulus  test  was  completed,  specimens  for 
the  mercury  intrusion  porosimetry  were  cut  with  a  sharp  razor 
blade.  The  rest  of  the  specimen  was  used  for  the  measurement 
of  moisture  content  and  for  Atterberg  Limits  tests. 

4.3.3  Reduction  of  Test  Results 

4.3.3.1  Unconfined  Compression  Test 

Kondner  (1963)  and  Duncan  and  Chang  (1970)  have  shown 
that  the  nonlinear  stress-strain  relationship  of  soil  can  be 
approximated  by  an  hyperbola.  The  hyperbolic  equation  proposed 
by  them  was; 

ad=  — %-  (4.1) 

in  which  ad  is  deviator  stress;  e  is  axial  strain;  and  a  and 
b  are  constants  whose  values  are  determined  experimentally. 
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The  above  equation  can  be  rewritten  in  the  following  form: 

J-=a+be 

where  a  and  b  are,  respectively,  the  intercept  and  the  slope 
of  the  transformed  hyperbolic  stress-strain  curve.  By  plotting 
stress-strain  data  on  transformed  axes,  the  parameters  a  and 
b  corresponding  to  the  best  fit  of  the  test  data  are  easily 
determined.  Both  of  these  constants  a  and  b  have  visualized 
physical  meanings.  Parameter  a  is  the  reciprocal  of  the 
initial  tangent  modulus,  Eit  and  b  is  the  reciprocal  of  the 
asymptotic  value  of  deviator  stress  which  the  stress-strain 
curve  approaches  at  infinite  strain,  aduh.  Typical  plots  of 
stress-strain  relationship  and  transformed  hyperbolic  stress- 
strain  curve  of  unconfined  compression  tests  are  shown  in 
Figure  4.1. 

Since  the  level  of  stress  applied  to  the  specimen  during 
repeated  loading  triaxial  test  for  cohesive  soils  is  less  than 
10  psi  and  the  deformation  by  dynamic  loading  is  significantly 
smaller  than  that  by  static  loading  (Seed  et  al.,  1962),  it 
seems  reasonable  to  characterize  the  resilient  behavior  by  the 
parameters  from  the  stress-strain  relationship  in  unconfined 
compression  test  for  strains  less  than  1  percent.  Stresses  at 
different  strain  levels  and  secant  moduli  at  different  stress 
levels  were  calculated  to  develop  the  empirical  correlations 
between  resilient  modulus  and  parameters  from  the  unconfined 
compression  test.  Parameters  obtained  from  the  unconfined 
compression  test  are; 

(1)  Stresses  at  0.25,  0.5,  0.75,  and  1.0  %  axial  strain 

(Su0.25«»      S^^,      SMJ5%I      Sul0%) 

(2)  Secant  modulus  at  2 ,  4,  6,  and  10  psi 

(^2,,,;,   E4p,i,   Egp,;,   EiOp,;) 

(3)  Initial  tangent  modulus  and  asymptotic  deviator  stress 
(Es,  1/b) 

Summaries  of  test  results  of  unconfined  compression  test  for 
each  site  are  given  in  Appendix  B. 
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4.3.3.2  Resilient  Modulus  Test 

The  resilient  modulus  test  for  cohesive  soil  consists  of 
repeated  applications  of  the  stress  pulse,  changing  the 
magnitude  of  deviator  stress  and  confining  stress  every  200 
cycles.  A  typical  result  of  the  test  is  plotted  as  three 
curves  corresponding  to  different  confining  stresses,  as  shown 
in  Figure  4.2.  Also  shown  is  the  relationship  between  deviator 
stress  and  resilient  strain. 

To  model  the  relationship  between  the  resilient  modulus 
and  deviator  stress,  the  following  eguation  is  used; 

MR=AodB  (4.2) 

where  oa  is  repeated  deviator  stress;  A  and  B  are  constants 
determined  experimentally.  Three  sets  of  A  and  B  corresponding 
to  each  confining  stress  level  are  obtained  by  linear 
regression  after  taking  the  logarithm  of  MR. 

Thompson  and  Robnett  (1979)  suggested  that  the  breakpoint 
resilient  modulus,  M„,  obtained  from  the  bilinear 
representation  of  the  resilient  modulus  versus  deviator  stress 
is  a  representative  modulus  which  can  be  used  for  correlation 
purposes.  They  used  this  single  modulus  to  characterize  the 
entire  MR  versus  ad  response  and  recommended  M„  as  a  resilient 
modulus  at  a  deviator  stress  of  6  psi  for  practical  purpose. 
Since  they  performed  repeated-load  tests  without  confining 
stress,  the  breakpoint  resilient  modulus  is  at  a3  of  0  psi.  In 
present  study,  the  resilient  modulus  at  a  deviator  stress  of 
6  psi  and  at  a  confining  stress  of  3  psi  is  used  as  a 
representative . 

Since  the  resilient  modulus  versus  deviator  stress 
response  varies  with  the  confining  pressure,  the  eguation 
suggested  by  Janbu  (1963)  to  describe  the  relationship  between 
initial  tangent  modulus  and  confining  pressure  is  adopted. 
However,  this  expression  can  not  consider  the  modulus  at  zero 
confinement.  Therefore,  the  eguation  by  Janbu  (1963)  is 
modified  as; 
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Mri=k(^p±)D  (4.3) 


where  M,;  is  resilient  modulus  at  deviator  stress  of  6  psi;  a3 
is  confining  stress;  P,  is  atmospheric  pressure  expressed  in 
the  same  unit  as  <j3  (14.696  psi);  k  is  a  modulus  number  which 
is  equal  to  the  resilient  modulus  at  a  deviator  stress  of  6 
psi  and  at  zero  confining  pressure;  and  n  is  the  exponent 
determining  the  rate  of  variation  of  M„  with  confining  stress. 
Values  of  k  and  n  are  determined  by  plotting  the  values  of  Mri 
versus  a3  on  log-log  scales  and  fitting  straight  line  on  the 
data  points.  Reduced  data  on  resilient  modulus  test  are 
presented  in  Appendix  C. 

4.3.4  Test  Results  and  Discussions 

Variations  of  resilient  moduli  with  depth  are  presented 
in  Figures  from  4.3  to  4.7,  with  in-service  moisture  content, 
dry  density,  and  Atterberg  Limits.  The  resilient  modulus 
plotted  is  the  modulus  at  a3  of  3  psi  and  ad   of  6  psi. 

In-service  moisture  content  at  the  South  Bend  site  ranges 
from  8.62  to  13.42  percent,  and  dry  density  from  124.28  pcf  to 
132.65  pcf.  Moisture  contents  are  approximately  2  or  3  percent 
lower  than  Plastic  Limits.  The  South  Bend  site  shows  the 
largest  scatter  in  resilient  modulus  among  the  five  sites 
investigated.  Resilient  modulus  ranges  from  7500  psi  to  40000 
psi  with  an  average  value  of  about  22000  psi.  As  shown  in 
Figure  4.3,  the  resilient  modulus  varies  about  13000  psi  at  a 
depth  of  20  to  3  0  inch,  while  the  changes  of  water  content  and 
dry  density  with  depth  are  not  significant.  To  look  at  the 
relationship  of  resilient  modulus  with  in-service  water 
content  and  dry  density,  resilient  moduli  are  plotted  in 
Figure  4.4.  Even  though  large  scatters  exist  in  the  plots,  it 
appears  that  the  resilient  modulus  decreases  with  water 
content  and  increases  with  increasing  dry  density. 
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Figure  4.4   Relationship  of  MR  with  w/c  and  yd   for  the  South 
Bend  Soil 
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For  the  Fort  Wayne  site,  the  in-service  moisture  content 
ranges  from  9.74  to  28.26  percent  and  the  average  is  slightly 
lower  than  the  Plastic  Limits.  Dry  density  ranges  from  97.56 
pcf  to  129.45  pcf  with  an  average  of  about  114  pcf.  As  shown 
in  Figure  4.5,  this  site  also  shows  large  scatter  in  resilient 
modulus  ranging  from  2200  psi  to  24000  psi.  The  average  value 
of  resilient  modulus  is  about  12000  psi.  To  search  for  the 
indicators  of  MR,  Figure  4.6  shows  plots  with  the  water 
content,  dry  density,  initial  tangent  modulus  and  stress 
causing  1  percent  axial  strain  in  unconfined  compression  test. 
It  can  be  seen  that  Ej  and  Sul0,  give  a  good  correlation  with 
resilient  modulus  while  water  content  and  dry  density  are 
moderately  correlated,  but  with  large  scatter.  This  implies 
that  Sul0»  and  E;  can  be  used  as  good  indicators  of  MR. 

The  in-service  moisture  at  the  Washington  site  ranges 
from  17.14  to  24.35  percent  and  the  dry  density  from  101.3  3 
pcf  to  115.28  pcf.  Plastic  limits  are  almost  the  same  as  the 
water  content.  Resilient  modulus  at  this  site  ranges  from  3800 
psi  to  11000  psi  with  an  average  value  of  about  8000  psi.  It 
is  shown  in  Figure  4.8  that  moisture  content  and  dry  density 
give  no  indication  on  the  magnitude  of  resilient  modulus  while 
E;  and  Sui0%   give  excellent  relationships. 

As  shown  in  Figure  4.9,  in-service  water  content  at  the 
Bedford  site  ranges  from  18.65  to  37.93  percent  and  dry 
density  from  81.76  pcf  to  108.19  pcf.  Average  water  content  is 
slightly  higher  than  Plastic  Limits.  Resilient  modulus  varies 
between  2300  psi  and  13000  psi  with  an  average  of  5500  psi. 
This  site  also  shows  Sul0»  as  a  good  indicator  of  MR. 

The  in-service  moisture  content  at  the  Bloomington  site 
is  significantly  larger  than  Plastic  Limits  and  the  average 
value  of  resilient  modulus  is  the  smallest  among  the  sites 
tested.  Water  content  ranges  from  19.30  to  3  8.14  percent  and 
the  dry  density  from  86.26  pcf  to  107.0  pcf.  Resilient  modulus 
varies  between  3700  psi  and  8000  psi,  with  an  average  value  of 
5500  psi.  Since  the  resilient  modulus  of  this  site  varies  in 
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a  narrow  range,  E;  and  Sul0,  seem  to  show  only  slight  relation 
with  resilient  modulus,  as  shown  in  Figure  4.12. 

It  was  shown  by  Lambe  (1958),  Seed  and  Chan  (1959), 
Barden  and  Sides  (1970),  and  Hodek  and  Lovell  (1979)  that  the 
structure  and  engineering  properties  of  compacted  clay  depend 
on  molding  water  content  and  compactive  effort .  Seed  et  al. 
(1962)  and  Monismith  et  al.  (1967)  also  showed  that  the 
resilient  behavior  of  soil  compacted  dry  of  optimum  and 
subjected  to  an  increase  of  water  content  to  wet  of  optimum  is 
different  from  behavior  of  soil  compacted  directly  to  wet  of 
optimum.  Therefore,  it  seems  that  the  in-service  condition  is 
not  a  good  basis  for  relating  structure  and  engineering 
properties  of  compacted  cohesive  soils.  It  is  also  reasonable 
to  conclude  that  the  resilient  modulus  of  in-service  subgrade 
may  not  be  predicted  well  by  water  content  and  dry  density 
alone  or  by  the  test  results  on  as-compacted  specimen.  This 
may  be  the  reason  why  in-service  moisture  condition  and  dry 
density  did  not  provide  a  good  indication  of  MR,  as  observed 
in  Figures  4.4,  4.6,  4.8,  4.10  and  4.12.  Even  at  the  Fort 
Wayne  site  showing  strong  relation  of  in-service  condition 
with  resilient  modulus,  they  are  too  scattered  to  give  a  good 
correlation. 

The  results  of  repeated-load  triaxial  tests  and 
unconfined  compression  tests  are  expected  to  be  affected  by 
the  same  factors;  relating  both  test  results  directly  may 
exclude  the  influence  of  water  content,  dry  density  and  other 
basic  indices.  Because  the  resilient  strain  caused  by 
repeated-loading  triaxial  tests  is  very  small  (10'3  -  10'5 
in. /in.),  the  stress  to  cause  1  percent  strain  instead  of  the 
unconfined  compressive  strength  would  give  a  better  indication 
of  resilient  modulus.  As  can  be  seen  in  Figures  4.6,  4.8,  4.10 
and  4.12,  Sul0%  shows  a  good  correlation  with  resilient  modulus 
for  all  sites  tested,  except  for  South  Bend.  The  South  Bend 
site  has  no  unconfined  compression  data  because  this  relation 
grew  after  South  Bend  was  tested.  Therefore,  the  resilient 
modulus  was  correlated  to  Sul0%.  It  is  also  noted  that  all 
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sites  show  a  similar  relationship  between  MR  and  Sul0%. 

To  investigate  the  possibility  of  an  unified  correlation, 
applicable  to  all  soils  tested,  data  from  four  sites  are 
plotted  together  in  a  single  plot,  as  shown  in  Figure  4.13.  It 
can  be  seen  that  there  exists  an  unique  relationship  between 
MR  at  a3  of  3  psi  and  ad  of  6  psi  and  Sul0%,  regardless  of 
sites.  To  see  whether  MR  at  different  levels  of  stress  show 
similar  relations,  MR  at  a3  of  6  psi  and  at  a3  of  0  psi,  both 
with  ad  of  6  psi,  are  plotted  with  respect  to  Sul0, ,  as  shown 
in  Figures  4.14  and  4.15.  These  relationships  also  appear  to 
be  unique,  regardless  of  origin  of  soils.  Therefore,  it  is 
concluded  that  resilient  modulus  at  a  specific  level  of  stress 
can  be  uniquely  related  to  Sul0% ,  regardless  of  the  soil  type. 

It  can  be  also  seen  in  Figures  from  4.13  to  4.15  that  the 
resilient  modulus  at  higher  confining  stress  is  larger  than 
that  with  lower  confining  stress  and  the  difference  becomes 
larger  as  Sul0,  increases.  For  soils  with  Sul0%  of  3  0  psi, 
resilient  modulus  at  ct3  of  6  psi  is  about  50  percent  larger 
than  that  at  a3  of  0  psi.  Therefore,  consideration  of  the 
effect  of  confining  stress  on  MR  is  important  when  the 
subgrade  is  a  relatively  stiff  clay. 

To  develop  the  prediction  equations,  stepwise  multiple 
regression  was  performed  on  resilient  moduli  at  different 
levels  of  confining  stress  and  repeated  deviator  stress  with 
independent  variables,  such  as  S^j^,  Sul0S,  Ej,  Ej,  1/b,  water 
content  and  dry  density.  Since  slight  curvature  was  observed 
in  MR  versus  stress  causing  a  certain  percent  of  strain  in  the 
unconfined  compression  test,  second-order  terms  of  S^^*  and 
sui.o»  are  also  added  to  independent  variables.  From  regression 
analysis,  two  prediction  equations  are  developed: 

tfR=a+£Sul.0%*cSul.0%2  (4.4) 

where  MR  is  resilient  modulus  at  a  specific  level  of  stress 
(psi);  Suo^j,  and  Sul0«  are  stress  causing  0.75  percent  and  1 
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Figure   4.14    Relationship    between    MR    at    crd=6    psi    and    a,=  6    psi 
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percent  axial  strain  during  the  unconfined  compression  test, 
respectively  (psi) ;  E;  is  initial  tangent  modulus  from  the 
unconfined  compressive  stress-strain  curve  (psi) ;  yd  is  dry 
unit  weight  (pcf )  ;  a,  b,  c,  d,  e  and  f  are  regression 
parameters.  Equation  4.4  is  based  on  only  Sul  _0„  for  practical 
use,  and  Equation  4.5  is  selected  because  it  gives  the 
smallest  error  of  estimation.  Regression  parameters  for  these 
prediction  equations,  with  correlation  coefficient  and  mean 
square  error,  are  presented  in  Tables  4.1  and  4.2.  Equation 
4.4  gives  the  coefficient  of  determination,  R2,  ranging  from 
0.51  to  0.85  and,  in  most  cases,  the  coefficient  of  variation 
(Root  MSE  over  mean  value  of  resilient  modulus)  does  not 
exceed  25  percent.  For  Equation  4.5,  R2  ranges  from  0.55  to 
0.91  and,  in  most  cases,  the  coefficient  of  variation  is  less 
than  21  percent.  Generally,  prediction  equation  of  resilient 
modulus  at  deviator  stress  level  less  than  4  psi  shows  smaller 
R2  and  larger  mean  square  error  while  the  reverse  is  true  at 
deviator  stress  larger  than  4  psi. 

To  check  the  reliability  of  the  proposed  prediction 
equations,  the  resilient  moduli  at  ad  of  6  psi  and  a3  of  3  psi 
calculated  by  the  proposed  equations  are  compared  with 
measured  MR.  As  shown  in  Figure  4.16,  both  equation  give  good 
predictions  of  resilient  modulus.  It  is  noted  that  adding 
three  more  variables  improves  predictability  only  slightly. 


4.4  Resilient  Modulus  Test  on  Laboratory  Compacted  Cohesive 
Soils 


4.4.1  Preparation  of  Specimens 

Disturbed  soils  obtained  from  South  Bend  and  Washington 
site  were  air  dried  until  the  soils  became  friable,  and  then 
broken  up  with  a  mallet.  After  measuring  the  water  content  of 
the  processed  soil,  a  calculated  amount  of  water  to  obtain  a 
desirable  compaction  water  content  was  mixed  with  air-dried 


Table  4 . 1  Regression  Parameters  for  Equation  4 . 4 


°3 

°t 

Regre 

3sion  parameters 

R2 

VMSE 

(psi) 

(psi) 

a 

b 

c 

6 

2 

-3289.92 

1808.998 

-21.4597 

0.74 

4506 

6 

3 

-2658.54 

1413.663 

-15.0910 

0.80 

3211 

6 

4 

-2287.64 

1187.214 

-11.5754 

0.83 

2598 

6 

5 

-2038.04 

1037.146 

-9.3147 

0.84 

2266 

6 

6 

-1856.14 

928.921 

-7.7260 

0.85 

2070 

6 

7 

-1716.41 

846.421 

-6.5427 

0.85 

1949 

6 

8 

-1604.98 

781.012 

-5.6239 

0.85 

1870 

6 

9 

-1513.59 

727.612 

-4.8881 

0.84 

1818 

6 

10 

-1436.98 

683.016 

-4.2847 

0.84 

1783 

3 

2 

-2545.68 

1542.024 

-17.9856 

0.73 

4018 

3 

3 

-2138.68 

1227.384 

-12.9396 

0.79 

2868 

3 

4 

-1892.92 

1044.798 

-10.1121 

0.83 

2314 

3 

5 

-1724.34 

922.624 

-8.2730 

0.85 

2011 

3 

6 

-1599.66 

833.832 

-6.9683 

0.85 

1832 

3 

7 

-1502.75 

765.705 

-5.9885 

0.85 

1723 

3 

8 

-1424.67 

711.390 

-5.2223 

0.85 

1654 

3 

9 

-1360.08 

666.828 

-4.6048 

0.85 

1610 

3 

10 

-1305.52 

629.449 

-4.0953 

0.85 

1581 

0 

2 

842.19 

854.758 

-9.5604 

0.51 

3707 

0 

3 

319.24 

744.848 

-7.5743 

0.63 

2688 

0 

4 

18.57 

678.014 

-6.4021 

0.71 

2137 

0 

5 

-181.51 

631.725 

-5.6084 

0.76 

1799 

0 

6 

-326.44 

597.153 

-5.0265 

0.80 

1579 

0 

7 

-437.42 

570.019 

-4.5769 

0.82 

1432 

0 

8 

-525.81 

547.966 

-4.2165 

0.84 

1334 

0 

9 

-598.29 

529.566 

-3.9195 

0.85 

1268 

0 

10 

-659.10 

513.901 

-3.6695 

0.85 

1225 

Table  4.2   Regression  Parameters  for  Equation  4.5 
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<*3 

°6 

Regression  parameters 

R: 

VMSE 

(psi) (psi) 

a 

b 

c 

d 

e 

f 

6 

2 

-21442 

-290 

1337 

-13.118 

0.8965 

217.17 

0.78 

4195 

6 

3 

-14741 

-825 

1578 

-10.013 

0.9759 

142.08 

0.84 

2905 

6 

4 

-11221 

-1123 

1702 

-8.243 

1.0168 

103.03 

0.87 

2270 

6 

5 

-9043 

-1315 

1775 

-7.079 

1.0409 

79.07 

0.89 

1909 

6 

6 

-7561 

-1450 

1823 

-6.247 

1.0561 

62.88 

0.90 

1688 

6 

7 

-6487 

-1551 

1856 

-5.618 

1.0661 

51.23 

0.91 

1545 

6 

8 

-5672 

-1628 

1880 

-5.123 

1.0729 

42.45 

0.91 

1451 

6 

9 

-5035 

-1690 

1898 

-4.723 

1.0774 

35.63 

0.91 

1387 

6 

10 

-4522 

-1740 

1911 

-4.392 

1.0805 

30.17 

0.91 

1343 

3 

2 

-14702 

224 

812 

-11.192 

0.6481 

147.54 

0.76 

3859 

3 

3 

-10390 

-350 

1106 

-8.644 

0.7616 

98.22 

0.83 

2681 

3 

4 

-8108 

-681 

1269 

-7.188 

0.8243 

72.35 

0.86 

2088 

3 

5 

-6688 

-900 

1374 

-6.228 

0.8641 

56.38 

0.89 

1745 

3 

6 

-5717 

-1057 

1447 

-5.540 

0.8915 

45.54 

0.90 

1532 

3 

7 

-5011 

-1177 

1501 

-5.019 

0.9114 

37.70 

0.91 

1395 

3 

8 

-4475 

-1271 

1543 

-4.609 

0.9263 

31.79 

0.91 

1303 

3 

9 

-4054 

-1347 

1577 

-4.277 

0.9379 

27.18 

0.91 

1242 

3 

10 

-3715 

-1410 

1604 

-4.001 

0.9470 

23.48 

0.91 

1200 

0 

2 

-7530 

1659 

-957 

-2.198 

0.0630 

108.31 

0.55 

3622 

0 

3 

-5643 

991 

-425 

-2.254 

0.2324 

76.51 

0.67 

2603 

0 

4 

-4585 

579 

-99 

-2.298 

0.3365 

58.42 

0.75 

2041 

0 

5 

-3892 

290 

129 

-2.337 

0.4092 

46.45 

0.80 

1685 

0 

6 

-3396 

72 

300 

-2.373 

0.4636 

37.81 

0.84 

1445 

0 

7 

-3020 

-101 

436 

-2.407 

0.5065 

31.20 

0.86 

1277 

0 

8 

-2721 

-242 

547 

-2.438 

0.5414 

25.95 

0.88 

1157 

0 

9 

-2478 

-361 

640 

-2.468 

0.5707 

21.64 

0.89 

1071 

0 

10 

-2274 

-463 

720 

-2.495 

0.5956 

18.02 

0.90 

1011 
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soil.  Mixed  soil  was  wrapped  in  a  plastic  bag  and  stored  in 
the  humidity  room  for  two  days  before  compaction. 

Each  specimen  was  compacted  in  five  layers  of 
approximately  equal  height  with  a  rammer  of  3.531  lbs  and  drop 
height  of  12  inches.  The  compaction  mold  of  2.879  inch  in 
diameter  and  6.292  inch  in  height  was  used.  To  validate  the 
compaction  method  used  in  this  study,  three  different 
compactions  using  different  size  of  mold  and  hammer  were 
carried  out  with  similar  compactive  efforts.  Result  of  these 
compactions  are  shown  in  Figure  4.17.  It  can  be  seen  that 
similar  compaction  curves  were  created  with  almost  identical 
maximum  dry  density;  the  optimum  moisture  content  of  standard 
mold  compaction  is  about  0.6  percent  larger  than  the  other 
compactions.  Therefore,  it  is  concluded  that  the  compaction 
used  in  this  study  is  compatible  to  both  existing  Standard  and 
Modified  Proctor  compaction. 

Before  adding  a  new  layer  of  soil,  the  surface  of  the 
previously  compacted  layer  was  scarified  in  order  to  prevent 
separation  at  the  contact  between  layers.  Four  different 
levels  of  compaction  energy  were  used  and  a  series  of  at  least 
four  specimens  was  compacted  for  each  level  of  compactive 
effort.  Compactive  efforts  and  blows  per  layer  used  are  given 
in  Table  4.3. 


Table  4.3   Details  of  Laboratory  Compaction 


Compaction  Energy 
(lb-ft/ft3) 

Total 
Blows 

Blows  per  layer 

12364 

82 

16,  16,  16,  17,  17 

8938 

60 

12,  12,  12,  12,  12 

6703 

45 

9,  9,  9,  9,  9 

4469 

30 

6 ,  6 ,  6 ,  6 ,  6 

78 


135 


o 

Q. 


X 

o 


> 

Q 


8  9  10  11  12 

MOISTURE  CONTENT  {%) 


Figure   4.17    Effect  of  Mold  and  Rammer  on  Compaction 
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Following  compaction,  the  extension  collar  was  removed 
and  the  compacted  specimen  was  carefully  trimmed  even  with  the 
top  of  the  mold  by  means  of  a  straightedge.  After  measuring 
the  weight  of  mold  and  soil,  the  specimen  was  extruded  using 
a  hydraulic  jack.  The  extruded  specimen  was  wrapped  in  a 
plastic  bag  and  stored  in  the  humidity  room  for  two  days 
before  tested.  Results  of  the  laboratory  compaction  for  South 
Bend  and  Washington  soil  are  shown  in  Figure  4.18  and  4.19. 

4.4.2  Laboratory  Tests 

A  rubber  membrane  was  applied  after  a  specimen  was 
removed  from  the  plastic  bag.  The  unconfined  compression  test 
was  performed  up  to  1  percent  axial  strain  with  a  strain  rate 
of  1  percent  per  minute  before  the  resilient  modulus  test  was 
performed.  Details  of  the  unconfined  compression  test  and  data 
reduction  are  same  as  those  for  undisturbed  specimens 
explained  previously.  Since  it  takes  a  significant  amount  of 
time  to  perform  the  resilient  modulus  test  following  the 
seguence  described  in  AASHTO  T-274  (82)  ,  a  reduced  number  of 
stress  combinations  was  used  for  laboratory  compacted 
specimen.  The  seguence  used  is  presented  in  Table  4.4. 


Table  4.4   Resilient  Modulus  Test  Sequence  on  Laboratory 
Compacted  Cohesive  Soils 


Test 
Sequence 

Confining 
Stress  (psi) 

Deviator 
Stress  (psi) 

No.  of  Stress 
Repetitions 

1 

6 

2 

200 

2 

6 

4 

200 

3 

6 

6 

200 

4 

3 

6 

200 

5 

0 

6 

200 

135 


•    130 


o 


o 


o 


125 


120 


115 


110 
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15 


Figure  4 . 18  Laboratory  Compaction  Curves  of  the  South  Bend 
Soil 
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Figure   4.19    Laboratory    Compaction    Curves    of    the    Washington 
Soil 
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4.4.3  Test  Results  and  Discussions 

Summarized  results  of  laboratory  compaction,  unconfined 
compression  test  and  resilient  modulus  test  for  South  Bend  and 
Washington  sites  are  presented  in  Table  4.5  and  4.6, 
respectively. 

Figures  4.20  and  4.21  are  the  plots  of  test  results 
showing  the  relationship  between  stress  causing  1  percent 
axial  strain  in  the  unconfined  compression  test  and  compaction 
water  content.  It  is  shown  that  the  stress  at  1  percent  axial 
strain  starts  to  decrease  at  an  increasing  rate  as  water 
content  approaches  1.0  percent  to  1.5  percent  dry  of  optimum. 
The  stress  at  1  percent  strain  decreases  more  slowly  near  the 
optimum  water  content,  beyond  which  it  is  essentially 
constant.  A  larger  compactive  effort  produces  a  greater  Sul  Q% 
at  water  contents  dry  of  optimum,  while  reverse  is  true  on  wet 
of  optimum. 

Figures  4.22  and  4.23  are  plots  showing  the  relationship 
between  the  resilient  modulus  at  ad  of  6  psi  and  a3  of  3  psi 
and  the  compaction  moisture  content  of  the  specimen.  It  is 
noted  that  the  change  of  resilient  modulus  versus  moisture 
content  is  almost  identical  to  the  change  of  stress  required 
to  cause  1  percent  axial  strain  in  unconfined  compression  test 
versus  water  content. 

To  get  more  convenient  presentation  of  resilient  modulus, 
the  data  in  Figures  4.22  and  4.23  are  transferred  to  a 
standard  plot  of  dry  density  versus  water  content.  By  finding 
the  point  of  intersection  of  the  curves  with  any  horizontal 
line  on  the  graph,  it  is  possible  to  read  off  a  series  of 
corresponding  values  of  water  content  and  dry  density  which 
produce  equal  resilient  moduli.  These  points  defining  a 
contour  of  resilient  modulus  are,  then,  plotted  in  a  plot  of 
dry  density  versus  water  content.  Repeating  this  procedure  for 
different  values  of  resilient  modulus  results  in  the  family  of 
curves,  as  shown  in  Figures  4.24  and  4.25. 
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Figure  4.20  Relationship  between  Sul  0„  and  Water  Content  of 
the  Laboratory  Compacted  South  Bend  Soil 
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Figure  4.21  Relationship  between  Sul0%    and  Water  Content  of 
the  Laboratory  Compacted  Washington  Soil 
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Figure  4.22  Relationship  between  MR  and  Water  Content  of  the 
Laboratory  Compacted  South  Bend  Soil 
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Figure  4.2  3  Relationship  between  MR  and  Water  Content  of  the 
Laboratory  Compacted  Washington  Soil 
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Figure  4.24  Contour  of  Resilient  Modulus  for  the  Laboratory 
Compacted  South  Bend  Soil 
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Figure  4=25  Contour  of  Resilient  Modulus  for  the  Laboratory 
Compacted  Washington  Soil 
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From  this  type  of  plot,  the  influence  of  compaction 
conditions  on  as-compacted  resilient  modulus  can  readily  be 
determined.  For  conditions  on  the  wet  side  of  optimum,  the 
contour  of  resilient  modulus  is  approximately  parallel  to  the 
100  percent  saturation  line.  This  implies  that  compaction  on 
wet  side  of  the  optimum  would  give  a  low  value  of  resilient 
modulus  regardless  of  compact ive  effort  and,  therefore,  the 
degree  of  saturation  may  be  a  good  indicator  of  resilient 
modulus.  It  is  also  shown  that  a  change  of  compaction 
condition  has  the  smaller  influence  on  resilient  modulus  when 
the  soil  is  compacted  with  lower  compact ive  effort.  The 
Washington  site  shows  that  small  changes  of  water  content  and 
dry  density  produce  large  effects  on  the  resilient 
characteristics  when  the  soil  is  compacted  wet  of  optimum. 
Comparison  of  soil  fabrics  at  different  compactive  efforts  for 
the  South  Bend  and  Washington  sites  (Bohra,  1993)  reveals  that 
the  compactive  efforts  have  little  effect  on  the  fabric 
created  at  about  optimum  water  content  for  the  South  Bend  site 
and  for  a  wider  range  of  water  content  for  the  Washington 
site.  Insensitivity  of  fabric  changes  for  these  sites  causes 
water  content  to  be  a  significant  factor  influencing  resilient 
modulus  values.  It  is  also  noted  that,  for  some  region  of 
water  content  and  dry  density,  higher  compactive  efforts  gives 
lower  resilient  modulus  at  same  water  content. 

Since  it  was  observed  that  the  resilient  modulus  and 
stress  required  to  cause  1  percent  strain  in  unconfined 
compression  test  vary  with  water  content  in  a  similar  manner, 
both  variables  are  believed  to  offer  good  correlation.  Figures 
4.26  and  4.27  are  the  plots  of  resilient  modulus  versus  Sul  0% 
for  the  South  Bend  and  Washington  sites.  Plots  for  both  sites 
are  identical  up  to  SuI0,  of  20  psi  while  the  resilient  modulus 
of  South  Bend  soil  is  slightly  larger  than  that  of  Washington 
soil  as  Sul0S  increases.  It  is  noted  that  test  results  on 
specimens  compacted  with  four  different  compactive  efforts  fit 
well  in  a  single  relationship  between  MR  and  Sul0%,  and  that 
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Figure  4  c  27  Relationship   between   MR   and   Sul0S   for   the 
Laboratory  Compacted  Washington  Soil 
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the  relationship  appears  unique  for  a  given  soil.  Therefore, 
it  is  concluded  that  the  relationship  between  MR  and  Sul0»  for 
a  given  soil  can  be  obtained  by  conducting  resilient  modulus 
tests  on  a  series  of  four  or  five  specimens  compacted  at 
different  molding  water  content  with  the  same  compactive 
effort. 

To  look  at  the  possibility  of  a  unified  relationship 
between  the  resilient  modulus  and  the  stress  at  1  percent 
strain  in  unconfined  compression  test,  four  specimens  of  the 
Bloomington  soil  were  compacted  with  Standard  Proctor  energy, 
and  tested  for  the  resilient  modulus.  All  the  test  results 
from  3  sites  are  plotted  in  Figure  4.28.  It  can  be  seen  that 
the  relationship  between  MR  and  Sul0«  of  the  Bloomington  soil 
is  similar  to  that  of  South  Bend  and  Washington  sites.  Three 
different  soils  (A-4,  A-6,  and  A-7-6)  are  found  to  have  a 
similar  relationship  on  laboratory  compacted  soil,  and  the 
relationships  between  MR  and  Sul0%  of  four  field  compacted 
soils  were  observed  similar.  Therefore,  it  is  expected  that 
the  other  two  sites  have  a  similar  relationship  for  the 
laboratory  compacted  soils. 

The  relationship  between  MR  and  Sul0%  applicable  to  all 
the  soils  studied  is  developed  by  multiple  regression  as 
follows: 

where  MR  is  resilient  modulus  at  deviator  stress  of  6  psi 
(psi) ;  Sul0*  is  stress  causing  1  percent  unconfined  compressive 
strain  (psi) ;  a  and  b  are  regression  parameters  given  in  Table 
4.7.  R2  and  Root  MSE  are  also  presented  in  Table  4.7.  It 
should  be  noted  that  the  SulQ%  refers  to  same  specimen  for 
which  the  resilient  modulus  is  wanted. 


95 


CO 
Q. 


_J 
3 
Q 

O 


LU 


30000 


25000 


20000 


15000 


—,       10000 


ID 

Ld 


5000 


'.    LABORATORY  COMPACTED  SOIL 
-       ▲   WALC 
'      ♦  SBLC    j 

.      m  8LLC 

!                                            1 

♦           ■ 

■ 

1 

1    1    1    1 

- 

1        * 

1   41J  A  a! 

4*i 

. 

/ 

i  .  , , , i , ,  ,  ,  i  ,  ,  ,  , i ,  ,  ,  ,  i  ,  , , .  i .. . ,  i  . ,  , ,  i ,  , ,  , i i ,  , ,  ,  i  . , , , 

0  5         10        15        20       25       30       35       40       45       50       55       60 

Su  AT   1%  STRAIN   (psi) 


Figure   4.28    Relationship       between       MR       and       Sul  0%       for       the 
Laboratory  Compacted   Soils 


96 


Table  4.7   Regression  Parameters  for  Equation  4.6 


MR  at 

a 

b 

VMSE 

R2 

ad-6,    a3=6psi 

905.6074 

-9.35894 

2211 

0.967 

ad=6,    a3=3psi 

695.3604 

-5.92966 

1642 

0.973 

ad=6,    a3=Opsi 

487.0301 

-5.18183 

1365 

0.956 

To  check  the  reliability  of  proposed  prediction  equation, 
the  resilient  moduli  at  ad  of  6  psi  and  ct3  of  3  psi  calculated 
by  the  proposed  equation  are  compared  with  measured  resilient 
modulus.  As  shown  in  Figure  4.29,  Equation  4.6  gives 
reasonable  estimation  of  resilient  modulus  for  Washington, 
South  Bend,  and  Bloomington  soils.  The  Equation  4.6  may  be 
used  to  estimate  the  resilient  modulus  of  the  other  two  sites. 


4.5  Resilient  Properties  of  Laboratory  and  Field  Compacted 
Soil 


4.5.1  Comparison  of  Laboratory  and  Field  Compaction 


The  primary  purpose  of  laboratory  compaction  is  to 
produce  the  compacted  specimen  having  identical  properties 
with  the  field  compacted  soil.  Presently,  it  seems  that  no 
satisfactory  laboratory  compaction  method  exists  that  can 
exactly  duplicate  field  compaction  although  many  different 
laboratory  methods  have  been  developed  in  an  attempt  to 
simulate  field  compaction. 

Waterways  Experimental  Station  (1949)  conducted 
comprehensive  laboratory  and  field  investigations  on  a 
compacted  Vicksburg  silty  clay.  It  was  shown  that  the  strength 
of  the  laboratory  compacted  samples  were  quite  different  from 
the  strength  of  the  field  compacted  samples  for  both  soaked 
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Figure  4.29  Comparison  between  Measured  and  Predicted  MR  of 
Laboratory  Compacted  Soils 


98 


and  unsoaked  conditions.  Because  the  moisture-density 
conditions  were  in  general  quite  different  for  the  field 
compacted  samples  and  the  laboratory  compacted  samples,  it  was 
difficult  to  isolate  the  effect  of  the  method  of  compaction. 
Therefore,  it  was  concluded  that  shear  strength  of  laboratory 
compacted  samples  may  or  may  not  represent  the  strength  of  the 
field  compacted  samples,  and  that  the  differences  in  strength 
must  be  attributed  to  the  differences  in  the  material  rather 
than  differences  in  the  dry  density  and  molding  water  content. 

Johnson  and  Sallberg  (1960,  1962)  and  Wahls  et  al.  (1966) 
reviewed  previous  studies  as  an  effort  to  correlate  laboratory 
and  field  compaction  results,  and  showed  that  the  attempt  to 
devise  a  laboratory  compaction  test  method  that  simulates 
field  compaction  was  unsuccessful.  It  was  noted  that  the  line 
of  optimums  for  field  and  laboratory  compaction  often  do  not 
coincide  and  the  relative  position  of  the  lines  with  respect 
to  the  line  of  100  percent  saturation  varied  for  various 
laboratory  and  field  compaction  methods  and  for  various  soil 
types. 

For  the  purpose  of  predicting  field  compactor 
performance,  Selig  (1971)  developed  a  set  of  equations 
defining  compactive  effort  of  the  four  basic  classes  of 
roller.  Equations  were  derived  for  the  compactive  effort  per 
unit  volume  of  soil,  production  rate  in  volume  of  soil 
compacted  per  unit  time,  and  horsepower  required  to  provide 
the  towing  force  at  desired  speed.  Though  further  study  is 
required  for  better  estimation  of  the  coefficients  in  the 
proposed  equations,  the  approach  is  suitable  for  a  preliminary 
compactor  analysis  and  it  is  believed  to  be  the  best  approach 
available. 

Numerous  investigators,  such  as  Lambe  (1958) ,  Olson 
(1963)  ,  and  Seed  and  Chan  (1959)  have  recognized  that,  in  case 
of  compacted  cohesive  soils,  similarities  in  molding  water 
content  and  dry  density  do  not  necessarily  imply  similarities 
in  engineering  properties  of  the  soil.   When  a  soil  is 
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compacted,  whether  in  a  laboratory  or  in  the  field,  the  type 
of  compaction  procedure  used  would  introduce  different  amount 
of  shearing  strains  as  the  compaction  energy  is  added. 
Differences  in  soil  structures  due  to  shearing  strains  is 
believed  to  be  the  cause  of  variations  in  engineering 
properties  of  the  material  of  similar  water  content  and  dry 
density. 

A  series  of  studies  on  the  compacted  soil  has  been 
performed  at  Purdue  University  to  create  a  better 
predictability  of  behavior  of  soils  compacted  in  the  field. 
Nwaboukei  and  Lovell  (1984)  summarized  the  studies  on  St. 
Croix  clay  and  expressed  shear  strength  parameters  as 
functions  of  the  relevant  initial  compaction  variables.  From 
the  statistical  analysis  between  field  and  laboratory 
parameters,  the  procedure  for  predicting  the  shear  strength 
behavior  of  field  compacted  soil  from  laboratory  compacted 
data  was  also  developed. 

White  (1980)  conducted  pore-size  distribution 
measurements  on  the  St.  Croix  clay  to  investigate  a  possible 
source  of  the  differences  in  soil  fabric  between  the 
laboratory  and  field  compacted  soil.  It  was  concluded  that  the 
fabric  of  the  laboratory  compacted  soil  was  significantly 
different  from  that  of  the  field  compacted  soil.  The 
difference  was  more  pronounced  at  water  contents  on  the  dry 
side  of  optimum.  It  was  also  pointed  out  that  laboratory 
impact  and  kneading  compaction  produced  similar  soil  fabric  at 
wet  of  optimum.  Differences  in  fabric  appear  to  exist  between 
the  soils  compacted  on  the  dry  side  of  optimum  in  the  field  by 
Rascal  and  Caterpillar  compactors.  Prapaharan  et  al.  (1991) 
examined  the  data  of  White  (1980)  and  concluded  that  no 
laboratory  procedure  appears  capable  of  always  reproducing  the 
fabric  of  field  compacted  soil.  According  to  these  data, 
laboratory  compaction  by  impact  and  kneading  procedures 
produced  the  same  fabric,  and  this  fabric  might  simulate  that 
produced  in  the  field  when  compacted  on  the  wet  side  of 
optimum  at  the  same  energy  level. 
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4.5.2  Resilient  Modulus  of  Laboratory  and  Field  Compacted 
Soils 


To  evaluate  the  relationship  between  the  resilient 
characteristics  of  soils  compacted  in  the  field  and  the 
laboratory,  Seed  et  al.  (1962)  took  undisturbed  samples  from 
the  subgrade  of  AASHO  test  road  three  to  five  years  after 
construction.  By  comparing  the  resilient  modulus  of 
undisturbed  samples  with  the  ranges  of  modulus  values  for 
samples  prepared  by  laboratory  compaction,  they  concluded  that 
the  properties  of  clays  compacted  by  rubber-tire  rollers  are 
very  similar  to  those  prepared  in  the  laboratory  by  kneading 
compaction  and,  therefore,  these  two  compaction  methods  induce 
similar  structures  in  the  compacted  soil.  However,  Lee  et  al. 
(1992)  reinterpreted  the  above  test  results  by  comparing  the 
field  resilient  modulus  with  resilient  modulus  estimated  from 
test  results  on  laboratory  compacted  soils  for  same  water 
content  and  dry  density  as  in-service  subgrade;  they  showed 
that  the  estimated  resilient  modulus  was  considerably  larger 
than  that  of  the  field  resilient  modulus,  as  shown  in  Figure 
4.30.  Therefore,  it  appears  reasonable  to  conclude  that  the  MR 
of  in-service  subgrade  can  not  be  estimated  from  the  test 
result  of  laboratory  compacted  specimen  without  considering 
the  effect  of  water  content  change  after  construction. 

Due  to  the  lack  of  data  on  as-compacted  resilient  modulus 
for  field  compacted  soils,  the  possibilities  for  prediction  of 
as-compacted  field  resilient  modulus  from  the  data  on 
laboratory  compacted  soil  are  investigated  indirectly  by 
analyzing  test  data  on  three  different  sites  which  have 
available  resilient  modulus  data. 

The  resilient  modulus  is  estimated  for  average  as- 
compacted  conditions  of  six  loops  of  the  AASHO  test  road  and 
compared  with  in-service  resilient  modulus  reported  by  Seed  et 
al.  (1962)  and  Monismith  et  al.  (1967).  As  can  be  seen  in 
Figure  4.31,  in-service  condition  of  untrafficked  loops  moved 
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to  slightly  lower  water  content  and  higher  dry  density  from 
as-compacted  condition,  while  trafficked  loops  were  subjected 
to  larger  decrease  in  water  content  and  increase  of  dry 
density  after  construction.  Estimated  as-compacted  resilient 
modulus  appears  slightly  larger  than  or  equal  to  in-service 
modulus  of  untrafficked  loops,  while  it  is  significantly  lower 
than  in-service  modulus  of  trafficked  loops. 

A  similar  trend  is  observed  on  the  data  of  the  South  Bend 
site  where  water  content  decreased  and  density  increased  after 
construction.  As  shown  in  Figure  4.32,  in-service  resilient 
modulus  measured  by  repeated  load  triaxial  test  is 
significantly  larger  than  as-compacted  modulus  estimated  from 
Figure  4.24  with  average  water  content  and  dry  density  for 
each  lift  during  construction. 

At  the  Washington  site  where  there  was  a  significant 
increase  in  water  content,  a  different  trend  is  evident.  As 
shown  in  Figure  4.33,  in-service  resilient  modulus  is  about  20 
to  3  0  percent  lower  than  estimated  as-compacted  modulus  up  to 
depth  of  40  inches  where  special  subgrade  treatment  was  done 
during  construction  with  relatively  lower  water  content.  Below 
40  inch  in  depth,  the  trend  in  changes  of  resilient  modulus  is 
not  clear  due  to  the  lack  of  data  and  large  scatter. 

From  the  above  observations,  it  can  be  seen  that  the 
increment  of  water  content  after  construction  causes  the 
reduction  in  resilient  modulus,  and  that  the  decrease  of  water 
content  with  increase  of  dry  density  increases  the  resilient 
modulus.  Since  this  observed  trend  is  appropriate  in  the 
engineering  sense,  it  can  be  concluded  indirectly  that  the 
resilient  modulus  of  laboratory  compacted  specimen  may 
represent  the  as-compacted  field  resilient  modulus.  As 
mentioned  before,  however,  laboratory  resilient  modulus  is 
significantly  different  from  in-service  resilient  modulus  if 
there  has  been  a  change  in  water  content  and  dry  density  after 
construction.  Prediction  of  resilient  modulus  based  on  fabric 
parameters  and  water  content  (Chapter  9)  also  suggests  that 
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water  content  has  a  significant  influence  on  resilient 
modulus . 

To  compare  the  relationship  of  M„  and  Sul0%  between  field 
and  laboratory  compacted  soils,  data  of  the  Washington  site 
are  plotted  together  in  Figure  4.34.  It  is  observed  that 
relationship  between  MR  and  Sul0%  is  similar  in  the  tested 
range  for  both  laboratory  and  field  compacted  soil.  To  see 
whether  this  observation  is  true  in  general,  data  for  all 
tested  sites  are  plotted  together  in  Figures  4.35  to  4.37.  It 
is  found  that  relationship  at  no  confining  stress  is  slightly 
different  between  the  field  and  the  laboratory  compacted  soil 
while  relationships  with  confining  stress  are  somewhat  similar 
between  two  compactions.  Laboratory  compacted  soil  has  a 
nonlinear  relationship  at  Su,.0%  less  than  10  psi  and  field  soil 
shows  less  curvature  in  relationship.  For  lower  confining 
stress  condition,  resilient  modulus  of  laboratory  compacted 
soil  is  moderately  smaller  than  that  of  field  compacted  soil 
at  sui.o»  larger  than  20  psi  and  they  are  similar  at  lower  Sul0%. 
For  higher  confining  stress  condition,  laboratory  compacted 
soil  shows  slightly  smaller  MR  than  field  compacted  soil  at 
sui.o*  larger  than  25  psi  and  slightly  larger  MR  than  field 
compacted  soil  at  Sul0%  smaller  than  15  psi.  For  soils  having 
sui.o»  ranging  from  5  psi  to  20  psi,  field  resilient  modulus  is 
approximately  same  as  laboratory  resilient  modulus. 

4 . 6  Concluding  Remarks 

From  the  inspection  data  and  in-service  conditions  of 
sites  studied,  it  was  observed  that  the  condition  of  subgrade 
approaches  90  to  100  percent  degree  of  saturation  after 
several  years  of  service,  regardless  of  as-compacted 
condition.  The  site  where  the  in-service  water  content  is 
lower  than  the  Plastic  Limit  shows  the  higher  resilient 
modulus  than  the  site  where  the  water  content  is  larger  than 
the  Plastic  Limit.  Field  compaction  of  South  Bend  and 
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Washington  sites  gives  lower  dry  density  than  that  obtained  by 
the  laboratory  compaction  with  energy  lower  than  Standard 
Proctor,  while  field  compaction  of  the  Fort  Wayne  site  gives 
similar  density  with  the  laboratory  compaction  with  Standard 
Proctor  energy.  However,  fabric  studies  on  the  South  Bend  and 
Washington  soils  suggest  that  the  compactive  effort  does  not 
significantly  influence  the  soil  fabrics.  For  the  Fort  Wayne 
site,  higher  compactive  efforts  (higher  than  or  equal  to 
Standard  Proctor  energy)  do  not  influence  the  fabric  when 
compacted  at  about  optimum  water  content. 

Generally,  in-service  resilient  modulus  increases  with 
increase  in  dry  density  or  decrease  in  water  content.  However, 
these  relationships  are  highly  scattered  since  the  soil 
structure  is  affected  by  molding  water  content  rather  than  in- 
service  condition.  On  the  other  hand,  relationship  of 
resilient  modulus  with  Sul0,  or  Ej  clearly  shows  that  Sul0,  and 
E;  are  good  indicators  of  the  resilient  modulus.  This  implies 
that  the  results  of  repeated-load  triaxial  test  and  unconfined 
compression  test  are  affected  by  the  same  factors,  and, 
therefore,  direct  comparison  of  both  test  results  excludes  the 
scatter  due  to  in-service  water  content  and  dry  density. 

For  laboratory  compacted  soils,  it  was  observed  that  the 
relationship  between  MR  and  Sul0%  for  a  given  soil  is  unique 
regardless  of  water  content  and  compactive  effort.  The 
relationship  is  similar  for  three  sites  tested  and  is  believed 
to  be  similar  for  the  other  two  sites.  The  prediction  equation 
applicable  to  all  five  sites  is  developed  as  follows: 

^=695.365UJ.0%-5.92975UI.0%2  (4.7) 

where  MR  is  the  resilient  modulus  at  a3=3  psi  and  ad=6  psi 
(psi)  ;  and  Sul0s  is  the  stress  causing  1  percent  strain  in  the 
unconfined  compression  test  (psi) . 

In-service  resilient  modulus  of  the  field  compacted  soil 
can  be  uniquely  related  to  Sul0„,  regardless  of  soil  type. 
Since  the  addition  of  three  more  independent  variables  in  the 
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prediction  equation  only  slightly  improves  predictability,  the 
following  simple  prediction  equation  is  recommended  for 
practical  purpose: 

MR=-1S99.  66+833.  835ul-0%-6  .  96  835ul-0%2        (4.8) 

where  MR  is  the  resilient  modulus  at  a3=3  psi  and  ad=6  psi 
(psi)  ;  and  Sul0S  is  the  stress  causing  1  percent  strain  in  the 
unconf ined  compression  test  (psi) .  The  equation  is  recommended 
for  estimation  of  the  in-service  resilient  modulus  from  the 
unconfined  compression  test  result  on  an  undisturbed  specimen 
obtained  from  the  subgrade. 

By  comparing  the  in-service  resilient  modulus  and  an 
estimated  as-compacted  resilient  modulus,  it  was  shown  that 
in-service  field  resilient  modulus  can  not  be  estimated  from 
the  resilient  modulus  of  laboratory  compacted  specimen  without 
considering  the  effect  of  water  content  change  after 
construction;  the  as-compacted  resilient  modulus  for  field 
compacted  soil  may  be  represented  by  the  resilient  modulus  of 
laboratory  compacted  soil.  However,  the  relationship  itself 
between  MR  and  Sul0,  is  believed  not  to  be  affected  by  the 
change  of  water  content  and  dry  density  after  construction; 
and  it  was  shown  that  the  relationship  between  MR  and  Sul0%  is 
only  slightly  different  for  both  laboratory  and  field 
compactions.  Therefore,  Equation  4.8  may  be  applicable  to 
estimate  as-compacted  as  well  as  in-service  resilient  modulus. 

Replication  of  density  and  water  content  by  laboratory 
compaction  does  not  give  good  estimation  of  field  resilient 
characteristics  from  laboratory  data.  Since  the  soil  fabric  is 
largely  affected  by  molding  water  content  and  it  does  not 
appear  to  change  due  to  the  variation  of  moisture  condition 
after  construction,  the  replication  of  field  compacted  soil 
fabric  in  the  laboratory  may  allow  the  estimation  of  as- 
compacted  resilient  modulus.  Details  about  the  replication  of 
the  field  compacted  fabric  for  the  different  sites  are  given 
in  Section  9.6.  In-service  resilient  modulus  can,  then,  be 
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estimated  from  the  laboratory  compacted  modulus  by  considering 
the  decrease  in  the  resilient  modulus  due  to  the  post- 
compaction  increase  in  water  content  as  described  in  Sections 
5.3  and  10.3. 
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5.  EFFECTS  OF  ENVIRONMENTAL  FACTORS  ON  RESILIENT  MODULUS  OF 
COHESIVE  SOILS 


5 . 1  Introduction 

Engineering  response  of  compacted  soil  is  said  to  be 
controlled  by  soil  fabric  (or  structure) ,  which  is  determined 
by  water  content  at  the  time  of  compaction  and  the  manner  in 
which  soil  is  placed.  Since  water  content  and  dry  density 
during  field  compaction  are  often  difficult  to  control, 
variation  in  the  resilient  response  of  a  given  subgrade  soil 
is  expected.  In  addition,  changes  of  moisture  content  due  to 
climatic  conditions  and  traffic  contribute  to  variations  of 
subgrade  resilient  response  and  pavement  deflection. 

Studies  by  Seed  et  al.  (1962,  1967) ,  Bergan  and  Monismith 
(1973)  have  shown  that  there  is  a  change  in  compaction 
condition  after  construction.  For  the  AASHO  test  road  examined 
by  Seed  et  al.  (1962)  ,  there  was  a  significant  change  of 
resilient  response  due  to  an  increase  of  dry  density  and  a 
decrease  of  water  content  after  construction.  Bergan  and 
Monismith  (1973)  showed  a  most  significant  increase  in  water 
content  after  construction  for  the  subgrade  initially  placed 
on  the  dry  side  of  optimum. 

Studies  by  Bergan  and  Fredlund  (1973) ,  Cully  (1971) , 
Johnson  et  al.  (1979) ,  Bergan  and  Culley  (1973) ,  Bergan  and 
Monismith  (1973) ,  Robnett  and  Thompson  (1976)  ,  and  Elliott  and 
Thornton  (1988)  reported  that  the  resilient  behavior  of 
cohesive  soil  is  significantly  affected  by  freeze-thaw  action. 
The  studies  revealed  that  a  small  number  of  freeze-thaw  cycles 
cause  a  substantial  increase  in  resilient  deformation  even 
though  no  moisture  change  occurred. 
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It  appears  obvious  that  change  of  moisture  content 
subsequent  to  construction  and  freeze-thaw  action 
significantly  affect  the  resilient  characteristics  of  the 
subgrade.  The  engineer  should  be  able  not  only  to  predict 
variations  of  such  conditions  but  also  to  design  a  pavement 
that  can  accommodate  the  changes  in  soil  support  conditions 
due  to  moisture  change  and  freeze-thaw.  The  purpose  of  this 
chapter  is  to  evaluate  the  effect  of  moisture  change  after 
construction  and  freeze-thaw  on  the  resilient  modulus. 

5.2  Resilient  Characteristics  of  Frozen-Thawed  Cohesive  Soils 

5.2.1  Mechanism  of  Freezing  and  Thawing 

Detrimental  effects  associated  with  frost  action  in 
pavement  are  frost  heaving  and  subgrade  shrinkage  in  winter, 
and  the  loss  of  soil  strength  by  thaw  weakening  in  spring.  In 
the  specific  area  of  soil  volume  change  due  to  freezing,  the 
majority  of  the  published  studies  deal  with  the  frost  heaving 
phenomena.  However,  the  shrinkage  of  clays  on  freezing  has  not 
been  investigated  to  any  great  extent  although  it  may  also 
result  in  deterioration  of  pavement  structures. 

The  physical  changes  occurring  as  a  soil  freezes  or  thaws 
are  described  by  Tsytovich  (1975),  Andersland  and  Anderson 
(1978),  Kaplar  (1970),  and  Konrad  (1991).  When  air  temperature 
drops  below  freezing,  the  moisture  in  the  upper  soil  layer 
starts  to  freeze  in  place.  If  a  fine-grained  soil  freezes,  ice 
first  forms  in  the  largest  pores  where  the  water  potential  and 
freezing  point  are  highest.  As  the  temperature  drops 
continuously,  the  pore  water  freezes  in  progressively  smaller 
pores,  and  films  of  water  coating  the  soil  particles  gradually 
freeze.  Free  water  flows  from  unfrozen  regions  through  the 
unfrozen  water  film  to  the  growing  ice  grains  to  form  small 
ice  lenses.  Upon  freezing  to  a  given  temperature,  two  opposing 
forces  develop  tending  to  cause  volume  change  in  the  soil 
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mass.  An  expansionary  tendency  is  created  by  the  volume 
increase  when  soil  water  freezes.  Shrinkage  forces  also  are 
present  as  freezing  of  soil  water  reduces  the  thickness  of 
adsorbed  water  films  around  individual  soil  particles  and 
packets  of  soil  particles,  and  this  increases  the  soil  suction 
in  a  manner  similar  t©  drying.  The  drying  can  also  happen  due 
to  the  moisture  migration  to  the  freezing  front  if 
replenishment  does  not  occur.  In  general,  the  tendency  to 
expansion  will  predominate  in  soils  at  high  degree  of 
saturation,  while  overall  shrinkage  occurs  at  lower  degrees  of 
saturation. 

If  existing  conditions  are  favorable  for  frost  heaving  (a 
soil-moisture  supply,  sufficiently  cold  temperatures  to  cause 
soil  freezing,  and  frost-susceptible  soil) ,  ice  lenses 
continue  to  grow  and  expand,  and  the  ground  surface  moves 
upward.  When  the  air  temperature  increases  above  0°C  during 
spring,  the  thawing  isotherm  progresses  downward  below  the 
roadway  surface.  Ice  lenses  in  the  upper  soil  layer  start  to 
melt  and  the  melt  water  is  trapped  above  the  impervious  frozen 
layer.  The  trapped  melt  water  in  the  upper  soil  layer  is 
associated  with  reduced  load-carrying  capacity  of  pavements. 

From  field  observation  in  northern  Canada,  Hamilton 
(1966)  suggested  that  partially  saturated  clay  subgrades  may 
undergo  considerable  shrinkage  during  freezing.  Elevation 
measurements  of  flexible  pavement  surfaces  over  highly  plastic 
clay  subgrades  have  shown  that  downward  movements  may  occur 
during  winter  months,  resulting  in  elevation  differentials  of 
up  to  1.5  inches  on  transverse  sections  with  negligible 
changes  in  moisture  content. 

Leroueil  et  al.  (1991)  conducted  closed-system  freezing- 
thawing  on  nine  Champlain  Sea  clays  from  seven  different 
sites.  Except  for  one  clay  taken  in  the  clay  crust  at  shallow 
depth,  soils  have  apparently  not  been  frozen  in  the  past  and 
the  water  content  of  these  soils  ranges  from  54  percent  to  92 
percent.   During  freezing  of  soil,   it  was  observed  that 
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freezing  of  clays  creates  a  new  macroscopic  fabric  made  up  of 
modules  with  edges  measuring  a  few  millimeters.  Isotropic 
consolidation  with  effective  stress  of  25  KPa  showed  that  the 
clays  that  were  subjected  to  a  freeze-thaw  cycle  for  the  first 
time  displayed  volume  change  varying  between  12 . 2  percent  and 
26  percent  while,  for  soil  which  had  already  experienced  a 
large  number  of  freeze-thaw  cycles,  the  volumetric  strain 
after  an  additional  cycle  in  the  laboratory  was  only  0.8 
percent.  The  volumetric  consolidation  of  intact  clay  was  small 
and  less  than  2.0  percent. 

Chamberlain  and  Gow  (1979)  studied  the  effect  of  freezing 
and  thawing  on  the  permeability  and  structure  of  fine  grained 
soils  prepared  in  the  form  of  a  slurry  in  the  consolidometer . 
The  specimens  were  frozen  one-dimensionally  with  the  side  of 
the  specimen  at  the  opposite  end  of  the  freeze  or  thawing 
surface  exposed  to  water.  It  was  observed  that  in  all  cases 
freezing  and  thawing  caused  a  reduction  in  void  ratio  and  an 
increase  in  permeability.  The  changes  were  greatest  for  the 
soil  with  the  largest  plasticity  index.  For  soils  in  which 
clay  particles  predominate,  the  large  negative  pore  water 
pressure  during  freezing  causes  vertical  shrinkage  cracks  and 
horizontal  ice  lenses,  formed  perpendicular  to  the  direction 
of  freezing.  The  shrinkage  cracks  become  linked  together  to 
form  columns  with  polygonal  cross-sections  that  resemble  the 
shrinkage  structures  observed  in  desiccated  muds.  It  was  found 
that  the  thicknesses  of  ice  lenses  decrease  and  the  frequency 
of  occurrence  increases  with  increasing  applied  stress  on 
specimen  during  freezing-thawing.  The  average  polygon  diameter 
also  decreased  with  increasing  applied  stress  level.  For 
coarser-grained  soil  in  which  more  angular  silt  or  sand 
particles  control  compressibility,  vertical  shrinkage  cracks 
were  not  observed  though  the  permeability  was  increased  due  to 
freeze-thaw.  It  was  concluded  that  clay  packets  in  the  pores 
of  the  coarse  fraction  collapsed  to  a  more  dispersed  and 
denser  structure  during  freezing,  and  less  void  space  is, 
then,  occupied  with  clay  solids  and  associated  bound  water. 
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Ice  segregation  during  freezing  is  not  always  a  necessary 
prerequisite  for  thaw-weakening  of  pavement.  This  subtle  type 
of  thaw  weakening  has  been  confirmed  in  the  laboratory  closed- 
system  freeze-thaw  test  by  several  researchers,  such  as  Bergan 
and  Fredlund  (1973) ,  Kim  and  Daniel  (1992) ,  and  Zimmie  and  La 
Plante  (1990).  Chamberlain  (1973)  referred  to  studies  by  Cook 
(1963)  and  Titov  (1965)  which  observed  module  or  nugget 
structures  having  higher  surface  moisture  contents  and  loss  of 
cohesion  without  visible  ice  heaving.  Mikhailov  and  Bredyuk 
(1971)  attributed  the  reduced  cohesion  in  clay  to  the 
conversion  of  bound  water  into  free  water.  Chamberlain  (1973) 
concluded  that  closed-system  freeze-thaw  induces  a  strength 
reduction  in  clays  with  or  without  visible  ice  segregation.  It 
was  also  noted  that  the  rate  of  strength  reduction  decreases 
as  the  number  of  freeze-thaw  cycles  increases. 

Hamilton  (1966)  first  noted  a  relationship  between  volume 
change  on  freezing  and  degree  of  saturation  for  partially 
saturated  cohesive  soils  compacted  in  the  laboratory.  It  was 
observed  that  soils  compacted  below  90  percent  degree  of 
saturation  underwent  a  shrinkage  during  freezing  while  those 
compacted  at  higher  degree  of  saturation  showed  increase  in 
volume  on  freezing.  Maximum  shrinkage  for  tested  soils 
occurred  at  degrees  of  saturation  between  60  and  70  percent. 
The  least  plastic  clay  underwent  a  maximum  shrinkage  of  4 
percent  in  volume  at  61  percent  degree  of  saturation  while 
highly  plastic  clay  shrank  10  percent  at  67  percent  degree  of 
saturation.  It  was  also  noted  that  a  large  portion  of  the 
total  volume  change  due  to  freezing  occurred  over  the 
temperature  range  +30 °F  to  +20 °F.  A  net  increase  in  volume  was 
observed  upon  thawing.  Increasing  compactive  effort  resulted 
in  a  reduction  in  the  maximum  freezing  shrinkage  and  increases 
the  degree  of  saturation  at  which  the  maximum  shrinkage 
occurs . 

Penner  et  al.  (1975)  also  observed  shrinkage  in  .  the 
freezing  of  laboratory  samples  in  preparation  for  thermal- 
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conductivity  measurements.  The  reduction  in  thermal 
conductivity  is  the  evidence  that  the  adsorbed  surface  water 
on  the  soil  particles  is  withdrawn  by  crystallization  inside 
the  air-filled  pores.  When  thawing  takes  place,  the  adsorbed 
films  thicken,  causing  swelling.  It  was  suggested  that  this 
shrinkage  and  swelling  phenomenon  induced  by  the  freeze-thaw 
process  might  contribute  to  thaw  weakening  in  unsaturated 
subgrades  when  no  ice  lensing  occurred. 

Fredlund  et  al.  (1975)  suggested  that  the  deformation 
occurring  as  a  result  of  freezing  and  thawing  of  partially 
saturated  soil  in  a  closed  system  can  be  examined  in  terms  of 
changes  in  the  stress  state  variables.  The  net  total  stress, 
ct-u,,  and  matrix  suction,  u.-i^,  were  proposed  as  independent 
stress  state  variables.  Since  the  total  and  air  pressures  are 
essentially  unchanged  before  and  after  freezing,  only  the 
changes  in  water  pressure  need  to  be  observed.  From  suction 
test  results  on  Regina  clay,  Bergan  and  Fredlund  (1973) 
reported  that  undisturbed  samples  which  have  already  been 
subjected  to  several  freeze-thaw  cycles  in  the  field  showed 
considerably  lower  matrix  suction  than  the  remolded  samples 
did.  Significant  drop  in  suction  was  observed  after  freeze- 
thaw  cycle  on  the  remolded  samples,  while  a  smaller  but 
significant  drop  in  suction  occurred  after  one  freeze-thaw 
cycle  on  undisturbed  samples.  A  well-defined  secondary 
structure  was  present  in  the  undisturbed  samples  and  definite 
ice  segregation  was  evident  in  the  samples.  It  was  concluded 
that  the  free  water  accumulated  in  the  secondary  structure 
during  freezing  controls  the  matrix  suction  and  causes  the 
reduction  in  matrix  suction  when  soils  thaw. 

5.2.2  Effect  of  Freeze-Thaw  on  Resilient  Modulus 

Culley  (1971)  studied  the  effect  of  closed-system  freeze- 
thaw  cycling  on  the  resilient  modulus  of  Qu'Appelle  glacial 
till  compacted  in  the  laboratory.   It  was  observed  that 
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substantial  reductions  in  resilient  modulus  occurred  as  a 
result  of  freeze-thaw,  and  the  amount  of  reduction  was 
dependent  on  the  density  and  moisture  content  of  the 
specimens.  At  optimum  moisture  content  corresponding  to 
Standard  Proctor  energy,  the  reduction  in  resilient  modulus 
ranged  from  41  percent  to  61  percent.  At  water  content  lower 
than  optimum,  the  reduction  in  resilient  modulus  due  to 
freeze-thaw  decreased  as  density  increased,  and  at  water 
content  higher  than  optimum,  freeze-thaw  effect  increased  as 
density  increased.  It  was  concluded  that  an  increase  in 
compactive  effort  at  optimum  water  content  improved  resilient 
characteristics  while  detrimental  volume  change  caused  by 
freeze-thaw  cycle  would  increase.  For  improvement  in  both 
resilient  characteristics  and  volume  change  characteristics 
due  to  freeze-thaw,  a  decrease  in  water  content  must  accompany 
an  increase  in  density. 

Mickleborough  (1970)  investigated  the  effect  of  freeze- 
thaw  on  the  resilient  properties  of  highly  plastic  glacial 
lake  clay  compacted  to  the  maximum  standard  density.  Resilient 
moduli  were  determined  for  samples  subjected  to  zero,  one, 
two,  and  four  freeze-thaw  cycles,  and  that  closed-system 
freezing  was  at  temperatures  chosen  to  cause  freezing  in  24 
hours.  Typical  results  showed  reduction  of  resilient  modulus 
by  58,  63,  and  74  percent  after  one,  two,  and  four  cycles  of 
freeze-thaw,  respectively. 

Bergan  and  Monismith  (1973)  tested  the  same  lacustrine 
clay  tested  by  Mickleborough  (1970) .  Resilient  moduli  of 
undisturbed  specimen  (at  a3  of  2  psi  and  ad  of  5  psi)  were  in 
most  cases  between  5000  psi  and  10000  psi,  averaging  8400  psi 
for  fall  samples  and  6300  psi  for  spring  samples.  After 
freeze-thaw,  the  resilient  modulus  ranged  from  4000  psi  to 
6000  psi.  After  about  10000  load  repetitions  it  recovered  its 
original  value  prior  to  freeze-thaw.  Test  of  remolded  samples, 
compacted  to  in-situ  moisture  content  and  dry  density,  showed 
resilient  moduli  of  15000  psi  before  freeze-thaw  and  6500  psi 
after  two  cycles  of  closed-system  freeze-thaw. 
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Robnett  and  Thompson  (1976)  conducted  repeated  load 
triaxial  tests  on  silty  clay  and  lean  clay  compacted  in  the 
laboratory.  Tests  were  performed  after  1  to  10  cycles  of 
closed-system  freeze-thaw.  Even  though  the  clayey  soil  had 
substantially  higher  resilient  modulus  than  silty  clay  before 
freeze-thaw,  both  soils  showed  similar  resilient  response 
after  freeze-thaw,  ranging  from  approximately  1000  psi  to  4200 
psi  at  varying  levels  of  deviator  stress.  It  was  also  shown 
that  detrimental  effects  of  freeze-thaw  cycles  on  resilient 
modulus  was  significantly  reduced  by  treating  the  soils  with 
hydra ted  lime. 

Johnson  et  al.  (1979)  and  Chamberlain  et  al.  (1979) 
reported  the  test  results  on  silt  and  clay  soils  taken  from 
test  pavements  in  the  frozen  condition  and  tested  in  thawed 
condition  for  varying  deviator  stress  and  moisture  content. 
Upon  thawing,  most  Hanover  silt  samples  were  too  soft  and  weak 
to  test  and  had  to  be  either  partially  or  fully  consolidated 
before  the  repeated  load  was  applied.  Test  data  showed  that 
resilient  modulus  decreased  significantly  with  increasing 
deviator  stress  and  ranged  from  1200  to  13000  psi.  Thawed 
Morin  clay  had  sufficient  integrity  to  allow  handling  after 
thawing  and  the  resilient  modulus  of  specimen  with  water 
content  of  25.4  percent  ranged  from  700  to  8000  psi  at 
confining  stress  of  0.5  -  8  psi. 

5.2.3  Laboratory  Testing  Program 

To  develop  the  procedures  for  freeze-thaw  test,  the  type 
of  freeze-thaw  test,  temperature  and  duration  for  freeze  and 
thaw,  and  number  of  required  freeze-thaw  cycles  must  be 
determined.  By  examining  the  data  of  water  content  for  the 
South  bend  site  where  the  soil  was  sampled  during  winter  and 
summer,  it  was  found  that  the  change  of  water  content  was 
negligible  even  though  two  data  points  of  water  content  of 
specimen  sampled  in  January  shows  3  or  4  percent  higher  values 
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than  others,  as  shown  in  Figure  5.1.  Therefore,  closed-system 
freeze-thaw  test  appeared  appropriate  to  simulate  the  field 
condition. 

Temperatures  for  freezing  and  thawing  are  determined  from 
the  data  by  Thompson  and  Dempsey  (1970)  which  reported  the 
frost  action  parameters  for  a  typical  pavement  section  for 
five  locations  in  Illinois  from  30  years  of  climatic  data. 
Since  the  South  Bend  and  Fort  Wayne  sites  are  expected  to  be 
subjected  to  climatic  condition  similar  to  that  of  northern 
Illinois,  the  possible  lowest  freezing  temperature  and 
possible  highest  above-freezing  temperature  for  Chicago  in 
January  are  chosen  as  freezing  and  thawing  temperature, 
respectively.  For  the  Washington,  Bedford  and  Bloomington 
sites,  those  are  determined  from  the  data  for  St.  Louis  in  the 
same  way.  Other  features,  such  as  cooling  rate,  warming  rate, 
and  duration  of  freezing  and  thawing  are  impractical  to  be 
simulated  in  the  laboratory  with  reasonable  time.  Therefore, 
each  freeze-thaw  cycle  consisting  of  32  hours  of  thawing,  10 
hours  of  cooling,  32  hours  freezing,  and  10  hours  of  warming 
is  used  for  the  laboratory  freeze-thaw  test  in  this  project. 

To  determine  the  effect  of  freeze-thaw  cycles,  four 
identical  specimens  compacted  in  the  laboratory  with  Standard 
Proctor  energy  were  tested  by  repeated  load  after  they  were 
subjected  to  0,  1,  2,  3  cycles  of  freeze-thaw.  As  can  be  seen 
in  Figure  5.2,  a  single  cycle  of  freeze-thaw  caused  a  30  to  50 
percent  reduction  in  resilient  modulus  at  deviator  stress  less 
than  6  psi;  subsequent  freeze-thaw  cycles  increase  the 
resilient  modulus.  Since  specimens  were  compacted  and  put  into 
the  freeze-thaw  chamber  together,  specimens  subjected  to  more 
freeze-thaw  cycles  may  have  the  increase  in  resilient  modulus 
due  to  thixotropy.  Considering  this  pilot  test  result  and  test 
data  reported  in  literature,  it  was  concluded  that  one  or  two 
cycles  of  freeze-thaw  are  enough  to  simulate  the  effect  of 
freeze-thaw  on  resilient  characteristics  of  cohesive  soils. 
Therefore,  two  cycles  of  freeze-thaw  shown  in  Figure  5.3  were 
used  for  the  laboratory  closed-system  freeze-thaw  test. 
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Figure   5.3        Cycles   Used   for   Closed-System   Freeze-Thaw  Test 
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Undisturbed  soils  sampled  from  five  in-service  subgrades 
in  Indiana  were  used,  and  specimens  were  prepared  in  the  same 
manner  as  explained  in  section  4.3.2.  Detailed  information  on 
each  specimen  tested  for  freeze-thaw  is  given  in  Appendix  A. 
After  the  unconfined  compression  test  was  performed  up  to  1 
percent  axial  strain,  each  specimen  was  sealed  in  a  rubber 
membrane  with  half  inch  thick  top  and  bottom  copper  endcaps 
and  O-rings  to  prevent  change  of  water  content  during  the 
freeze-thaw  process.  The  sealed  specimen  was  then  placed  in  a 
7-inch  high  by  8-inch  wide  Styrofoam  box.  A  mixture  of  wood 
and  saw  dust  was  lightly  compacted  around  the  specimen  up  to 
the  top  endcap  to  promote  uniaxial  freezing.  This  box  was  then 
closed  with  a  Styrofoam  cover  having  a  3 -inch  circular  hole  to 
expose  the  top  endcap  to  air. 

The  Styrofoam  box  containing  the  specimen  was  put  into  a 
large  freeze-thaw  chamber  whose  temperature  is  controlled  by 
a  pre-programmed  schedule.  No  attempt  was  made  to  measure 
either  the  rate  of  temperature  change  within  the  specimen  or 
the  volume  change  of  specimen.  After  2  cycles  of  freeze-thaw, 
the  specimen  was  removed  from  the  freeze-thaw  chamber  and 
allowed  to  thaw  at  room  temperature.  After  24  hours  of  thaw, 
the  specimen  was  removed  from  the  Styrofoam  box  and  was 
subjected  to  repeated  loading  following  the  seguence  described 
in  AASHTO  T  274-82. 

It  was  found  that  the  specimens  lost  about  2  to  5  grams 
of  water  during  the  freeze-thaw  test.  Visual  examination  of 
frozen  specimens  revealed  no  ice  lenses  although  small  ice 
crystals  were  observed  occasionally  at  the  surface  of  the 
specimens.  It  was  also  observed  that  cracks  on  the  surface  of 
specimen  due  to  sampling  disturbance  and  invisible  cracks 
between  compaction  layers  were  weakened  by  the  freeze-thaw 
process. 
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5.2.4  Test  Results  and  Discussions 

Results  of  unconfined  compression  and  resilient  modulus 
tests  were  reduced  as  explained  in  section  4.3.3,  and 
summaries  of  the  reduced  data  are  presented  in  Appendices  B 
and  C,  respectively.  Some  of  the  specimens  were  too  weak  to  be 
tested  after  thaw  and  data  on  resilient  modulus  for  these 
specimens  remains  blank  in  the  table.  Note  that  unconfined 
compression  tests  were  performed  only  on  three  specimens  for 
South  Bend  soil. 

Specimens  from  SBFT01  to  SBFT10  were  sampled  in  January, 
1990  and  ice  lenses  were  observed  during  the  sampling 
operation.  Sampled  soil  was  stored  in  an  humidified  room  for 
thawing,  and  then  tested  for  resilient  modulus  after  extrusion 
and  trimming  of  the  specimens.  On  the  other  hand,  specimens 
from  SBFT11  to  SBFT13  were  sampled  in  July  and  tested  after 
closed-system  freeze-thaw.  Test  results  of  both  series  of 
specimens  are  plotted  with  depth  in  Figure  5.1.  It  can  be  seen 
from  this  figure  that  resilient  modulus  of  field  frozen-thawed 
soil  is  slightly  larger  than  that  of  laboratory  frozen-thawed 
soil.  However,  the  difference  in  resilient  modulus  is  not 
significant,  compared  with  the  difference  between  frozen- 
thawed  soil  and  the  unfrozen  soil.  Therefore,  it  may  be 
concluded  that  closed-system  freeze-thaw  test  in  the 
laboratory  can  simulate  the  freeze-thaw  occurring  in  the 
field. 

To  see  the  effect  of  freeze-thaw,  the  resilient  modulus 
at  confining  stress  of  3  psi  and  deviator  stress  of  6  psi  is 
plotted  with  stress  causing  1  percent  strain  in  unconfined 
compression  test,  as  shown  in  Figures  5.4  to  5.7.  It  can  be 
seen  that  freeze-thaw  causes  a  significant  reduction  in 
resilient  modulus  for  all  sites  tested.  There  is  a  negligible 
effect  of  freeze-thaw  for  soils  having  Sul  os  less  than  8  psi 
while  the  effect  of  freeze-thaw  on  resilient  modulus  becomes 
larger  as  Sul0,  increases.  For  Sul0*  of  10  psi,  the  reduction  of 


128 


en 

a. 


=5 


30000 


25000 


20000 


3 

O   15000 


^   10000 

(?) 
tz. 

5000 


■ 

I 

FORT  WAYNE     . 

1 

■ 

■   NO  FREEZE- 

THAW 

D    FREEZE-THAW 

- 

■ 

■ 

■ 

- 

■ 

■ 

# 

■ 

" 

* 

__■_ 

- 

■ 

■ 

* 

- 

■ 

% 

■ 

- 

1 

■ 

■ 
■ 
m 

■ 
■ 

a 
or 

cP 

a 
a 

CI 

□ 

- 

■      D 

■7"! 

D 

on 

D 

D 

• 

- 

,    ,    ,    ,    1 

'        1 

' 

i 

_L 

, 

1      , 

, 

1111 

10         20         30 

Su  AT  1%  STRAIN  (psf) 


40 


50 


Figure  5.4    Effect  of  Freeze-Thaw  on  Resilient  Modulus  of 
the  Fort  Wayne  Soil 


129 


CO 

a 


CO 

3 


30000 


25000 


20000 


D 

O   15000 


^   10000 

Ld 
01 


5000 


10         20         30 

Su  AT  1%  STRAIN  (psi) 


I                   I                   I                   I 

■    WASHINGTON 

-      ■    NO  FREEZE-THAW 

"      D    FREEZE-THAW 

III! 

" 

" 

■ 

■ 

■ 

I 

■ 

1     m 

■ 

V 

D 

□ 
,              ,              ,              , 

,     ,     1     ,     .     .     ,     i     ,     ,     ,     , 

40 


50 


Figure  5.5    Effect  of  Freeze-Thaw  on  Resilient  Modulus  of 
the  Washington  Soil 
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Figure  5.6 


Effect  of  Freeze-Thaw  on  Resilient  Modulus  of 
the  Bedford  Soil 
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Figure  5,7    Effect  of  Freeze-Thaw  on  Resilient  Modulus  of 
the  Bloomington  Soil 
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resilient  modulus  due  to  freeze-thaw  is  about  30  percent;  for 
sui.o*  of  40  psi,  it  is  about  60  percent. 

To  compare  the  relationships  between  thawed  resilient 
modulus  and  Sul0«  for  each  site,  data  are  plotted  together  in 
Figure  5.8.  Though  some  scatter  is  observed,  the  relationships 
for  five  different  sites  appear  to  fit  one  single 
relationship.  Therefore,  it  seems  possible  to  predict  the 
reduction  of  the  resilient  modulus  due  to  freeze-thaw  from 
unconfined  compression  tests  performed  before  freeze-thaw. 
This  prediction  equation  is  applicable  only  where 
insignificant  change  of  water  content  occurred  during  freezing 
and  thawing.  Since  soils  tested  have  different  frost 
susceptibility  and  they  are  found  to  have  similar 
relationships  between  thawed  MR  and  Sul0%,  the  frost  heave 
criteria  may  not  be  applicable  to  the  estimation  of  thaw- 
weakening  effect  on  resilient  modulus. 

To  develop  the  prediction  equations,  test  results  on  all 
frozen-thawed  field  soils  were  analyzed  by  multiple 
regression.  Stepwise  regression  was  performed  on  resilient 
moduli  at  different  levels  of  confining  stress  and  repeated 
deviator  stress.  From  this  analysis,  two  prediction  equations 
were  selected;  one  for  simple  use  and  another  showing  the 
smallest  prediction  error: 

WR=a+£>SUI.0%  (5.1) 

AfiJ=a+jb5Hl.0%+c5ua.0%3+dffi+e£j+fWC         (5.2) 

where  MR  is  resilient  modulus  of  frozen-thawed  soil  (psi) ; 
sui.o*  is  tne  stress  causing  1  percent  strain  in  unconfined 
compression  test  (psi)  ;  Et  and  Ej  are  initial  tangent  modulus 
and  tangent  modulus  at  2  psi  stress  in  unconfined  compressive 
stress-strain  relation,  respectively  (psi) ;  WC  is  water 
content  (percent)  .  It  should  be  noted  that  Sul0%,  Ej,  and  Ej  are 
obtained  from  unconfined  compression  tests  performed  before 
freeze-thaw.   Regression  parameters,   with  coefficient  of 
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determination  (R2)  and  square  root  of  MSE,  for  specific 
conditions  of  stresses  are  presented  in  Table  5 . 1  and  5.2.  For 
Equation  5.1,  R2  is  in  the  range  of  0.42  -  0.62  and  VMSE  is 
693  -  1770  psi.  For  Equation  5.2,  R2  ranges  in  0.52  -  0.74  and 
VMSE  is  623  -  1509  psi.  Generally,  MSE  is  larger  for  larger 
average  value  of  resilient  modulus. 

To  check  the  reliability  of  the  proposed  prediction 
equations,  resilient  moduli  at  deviator  stress  of  6  psi  and 
confining  stress  of  3  psi  calculated  by  the  proposed  equations 
are  compared  with  measured  resilient  moduli  at  same  stress 
condition.  As  shown  in  Figure  5.9,  neither  equation  has  good 
predictability.  This  may  be  due  to  the  fact  that  the 
independent  variables  contained  in  prediction  equations  are 
measured  before  freeze-thaw  while  the  resilient  modulus  is 
measured  after  freeze-thaw. 

For  specimens  from  the  Fort  Wayne  site,  the  unconfined 
compression  test  was  performed  before  and  after  freeze-thaw. 
For  comparison,  relationship  of  thawed  resilient  modulus  with 
thawed  Sul0%  is  plotted  with  the  relationship  of  MR  and  Sul  0%  for 
soils  which  have  not  been  subjected  to  freeze-thaw,  as  shown 
in  Figure  5.10.  It  can  be  seen  that  there  is  a  slight 
difference  in  the  relationship  for  MR  less  than  5000  psi  while 
no  difference  exists  for  MR  greater  than  5000  psi.  Therefore, 
the  resilient  modulus  of  thaw-weakened  soil  may  be  estimated 
by  a  relationship  between  MR  and  Sul0s  of  the  non-frozen-thawed 
soil  if  Sul0%  of  frozen-thawed  soil  is  known.  Above  discussion 
imply  that  the  relationship  between  MR  and  Sul0S  may  be  similar 
for  a  given  soil  under  any  conditions  if  initial  soil  fabric 
is  same.  Therefore,  the  resilient  modulus  for  the  as-compacted 
condition,  the  in-service  condition,  and  the  thaw-weakened 
condition  may  be  estimated  from  the  relationship  presented  in 
Figures  4.13  to  4.15  or  Equation  4o4,  if  Sul0»  is  measured  on 
the  specimen  under  the  corresponding  condition. 
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Table  5.1  Regression  Parameters  for  Equation  5.1 


°) 

ed 

Regression 

parameters 

R2 

VMSE 

(psi) 

(psi) 

a 

b 

6 

2 

5960.11 

226.2040 

0.57 

1770 

6 

3 

4488.60 

193.2672 

0.56 

1528 

6 

4 

3671.62 

172.5947 

0.54 

1438 

6 

5 

3141.87 

157.9982 

0.51 

1388 

6 

6 

2766.13 

146.9489 

0.49 

1352 

6 

7 

2483.51 

138.1896 

0.47 

1324 

6 

8 

2261.93 

131.0131 

0.45 

1299 

6 

9 

2082.76 

124.9863 

0.43 

1278 

6 

10 

1934.37 

119.8266 

0.42 

1258 

3 

2 

4767.35 

213.9579 

0.62 

1492 

3 

3 

3721.81 

178.1807 

0.60 

1289 

3 

4 

3127.75 

156.4477 

0.58 

1206 

3 

5 

2735.66 

141.4299 

0.55 

1158 

3 

6 

2453.48 

130.2410 

0.52 

1124 

3 

7 

2238.60 

121.4811 

0.50 

1097 

3 

8 

2068.29 

114.3772 

0.48 

1074 

3 

9 

1929.24 

108.4625 

0.46 

1054 

3 

10 

1813.07 

103.4365 

0.44 

1036 

0 

2 

4257.07 

124.8181 

0.50 

1113 

0 

3 

3351.18 

112.3153 

0.58 

862 

0 

4 

2829.44 

103.8894 

0.59 

769 

0 

5 

2481.88 

97.6582 

0.59 

730 

0 

6 

2230.01 

92.7786 

0.58 

711 

0 

7 

2037.14 

88.8060 

0.56 

702 

0 

8 

1883.59 

85.4797 

0.55 

697 

0 

9 

1757.76 

82.6345 

0.53 

695 

0 

10 

1652.28 

80.1597 

0.52 

693 

Table  5.2   Regression  Parameters  for  Equation  5.2 
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°3 

°d 

Regression  parameters 

R2 

VMSE 

(psi) (psi) 

a 

b 

c 

d 

e 

f 

6 

2 

1370 

887 

-9.817 

9.828 

-10.909 

-104.47 

0.72 

1509 

6 

3 

200 

775 

-8.464 

8.333 

-9.308 

-74.14 

0.70 

1341 

6 

4 

-385 

706 

-7.671 

7.443 

-8.348 

-58.35 

0.66 

1298 

6 

5 

-731 

657 

-7.131 

6.834 

-7.688 

-48.60 

0.63 

1278 

6 

6 

-955 

620 

-6.730 

6.381 

-7.195 

-41.93 

0.60 

1263 

6 

7 

-1110 

591 

-6.416 

6.027 

-6.809 

-37.08 

0.57 

1248 

6 

8 

-1222 

567 

-6.160 

5.740 

-6.494 

-33.37 

0.55 

1234 

6 

9 

-1306 

546 

-5.945 

5.500 

-6.231 

-30.44 

0.54 

1220 

6 

10 

-1369 

529 

-5.761 

5.296 

-6.006 

-28.06 

0.52 

1206 

3 

2 

68 

740 

-7.017 

8.903 

-9.831 

-53.46 

0.73 

1324 

3 

3 

-464 

653 

-6.316 

7.579 

-8.427 

-41.32 

0.72 

1152 

3 

4 

-720 

597 

-5.866 

6.776 

-7.568 

-34.81 

0.69 

1095 

3 

5 

-865 

557 

-5.539 

6.219 

-6.970 

-30.68 

0.65 

1065 

3 

6 

-955 

526 

-5.286 

5.802 

-6.520 

-27.79 

0.63 

1044 

3 

7 

-1015 

502 

-5.081 

5.475 

-6.165 

-25.64 

0.60 

1026 

3 

8 

-1056 

481 

-4.909 

5.208 

-5.876 

-23.95 

0.58 

1011 

3 

9 

-1085 

464 

-4.762 

4.984 

-5.633 

-22.60 

0.57 

997 

3 

10 

-1105 

449 

-4.635 

4.794 

-5.425 

-21.48 

0.55 

983 

0 

2 

-192 

503 

-4.874 

7.071 

-7.695 

-10.11 

0.66 

975 

0 

3 

-377 

452 

-4.453 

5.975 

-6.545 

-12.72 

0.73 

728 

0 

4 

-461 

420 

-4.184 

5.319 

-5.853 

-14.35 

0.74 

651 

0 

5 

-507 

396 

-3.990 

4.869 

-5.377 

-15.46 

0.73 

628 

0 

6 

-535 

378 

-3.842 

4.536 

-5.024 

-16.26 

0.71 

623 

0 

7 

-553 

364 

-3.722 

4.276 

-4.748 

-16.86 

0.69 

625 

0 

8 

-565 

352 

-3.622 

4.066 

-4.525 

-17.33 

0.67 

629 

0 

9 

-573 

342 

-3.537 

3.892 

-4.339 

-17.70 

0.65 

633 

0 

10 

-579 

333 

-3.464 

3.744 

-4.181 

-18.00 

0.63 

637 
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Figure  5.10   Relationship  between  MR  and  Sul0,  of  Thawed  Soil 
and  Non  Frozen-Thawed  Soil 
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5.3  Variation  in  MR  Characteristics  due  to  Water  Content 
Change 

5.3.1  Effect  of  Water  Content  Change  on  Resilient  Modulus 

It  has  been  known  that  the  water  content  of  subgrades 
changes  with  time  after  construction.  Generally,  the  subgrade 
is  compacted  initially  to  a  degree  of  saturation  of  about  7  5 
to  85  percent  and,  after  some  time,  the  soil  may  absorb  water 
to  raise  the  degree  of  saturation  to  more  than  90  to  95 
percent.  Therefore,  the  resilient  modulus  of  in-service 
subgrade  can  be  significantly  different  from  the  as-compacted 
resilient  modulus. 

By  performing  repeated-loading  triaxial  tests  on 
specimens  soaked  after  compaction,  Seed  et  al.  (1967)  and 
Tanimoto  and  Nishi  (1970)  showed  that  the  resilient  strains  of 
specimens  compacted  on  the  dry  side  of  optimum  increased 
significantly  due  to  soaking  to  a  high  degree  of  saturation. 
However,  the  resilient  strains  were  much  smaller  than  those  of 
specimens  compacted  directly  to  the  final  condition. 

Since  it  requires  considerable  amount  of  time  and  effort 
to  prepare  a  specimen  by  compaction  and  to  allow  it  to 
approach  the  desirable  degree  of  saturation,  Seed  et  al. 
(1962,  1967)  and  Monismith  et  al  (1967)  took  an  interesting 
approach  with  the  assumption  that  the  samples  compacted  wet  of 
optimum  by  static  compaction  have  similar  resilient 
characteristics  to  those  compacted  dry  of  optimum  by  kneading 
compaction  and  subsequently  soaked  to  a  similar  degree  of 
saturation.  By  extrapolating  the  results  on  specimens  prepared 
by  static  compaction,  it  was  shown  that,  after  increasing 
water  content  at  constant  volume  to  a  degree  of  saturation  of 
90  percent,  the  resilient  strain  of  a  sample  compacted 
initially  to  100  percent  relative  compaction  was  only  one 
fifth  of  that  of  a  sample  compacted  initially  to  96  percent 
relative   compaction   and   soaked   to   the   same   degree   of 
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saturation.  This  indicates  the  beneficial  effect  of  higher 
density  in  minimizing  the  resilient  deformation. 

5.3.2  Laboratory  Testing  Program 

Water  content  of  a  subgrade  may  change  after  construction 
by  several  environmental  and  other  factors,  such  as 
infiltration  of  surface  runoff,  capillary  rise  from  the  ground 
water  table,  plant  growth,  and  seasonal  changes.  For  better 
prediction  of  subgrade  behavior  it  is  important  to  investigate 
the  effect  of  water  content  change  after  construction  on 
resilient  characteristics  of  subgrade  soil. 

Conventionally,  water  content  of  compacted  sample  is 
increased  by  percolation  or  back  pressure  techniques  (Lowe  et 
al.,  1960;  Ran  and  Clough,  1984).  The  magnitude  of  back 
pressure  and  the  time  required  to  achieve  a  desired  degree  of 
saturation  largely  depend  on  the  permeability,  pore  structure, 
and  the  type  of  soil.  Any  increase  in  the  water  content  is 
achieved  by  the  reduction  of  the  pore  air  volume.  During  the 
process  of  back  pressure  saturation,  the  volume  of  pore  air  in 
soil  is  decreased  by  compressing  and  pushing  out  the  pore  air, 
and  by  dissolving  additional  amount  of  pore  air  in  the  pore 
water.  Compressibility  and  solubility  of  the  pore  air  are 
governed  by  Boyle's  and  Henry's  law,  respectively.  For  fine 
grained  soils,  the  back-pressure  technique  requires  high 
pressure  over  a  long  period  of  time.  Moreover,  it  is  required 
to  perform  the  tests  under  the  applied  back  pressure,  without 
removing  the  sample  from  the  cell. 

It  is  difficult  to  perform  resilient  modulus  tests  with 
high  confining  pressure  and  back  pressure  together  using  water 
as  a  confining  fluid.  The  confining  pressure  and  the 
compensating  back  pressure  applied  on  the  sample  are  required 
to  be  changed  during  resilient  modulus  testing.  The  change  of 
confining  pressure  and  back  pressure  causes  the  change  in  the 
degree  of  saturation  during  the  test,  not  a  desirable  matter 
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for  data  interpretation.  In  order  to  avoid  these  changes  to 
occur,  a  technique  has  been  developed  to  achieve  small 
increments  in  the  water  content  of  specimen  at  a  faster  rate. 

Laboratory  samples  were  prepared  by  impact  compaction  in 
a  2.8-inch  diameter  mold  with  Standard  Proctor  energy.  After 
compacting  the  samples,  a  small  (about  1  mm  diameter)  hole  is 
made  at  the  center  of  the  sample  along  its  length,  without 
taking  the  sample  out  of  the  compaction  mold.  A  small  quantity 
of  water  is  then  slowly  injected  into  the  hole  using  an 
hypodermic  needle  and  the  mold  is  wrapped  in  a  plastic  bag  to 
prevent  moisture  loss  from  the  sample.  In  order  to  achieve 
uniformity  of  water  content  in  the  sample,  the  mold  is  rotated 
by  means  of  an  electrical  motor  to  apply  a  small  centrifugal 
force  on  the  injected  water.  Slow  rotation  of  a  sample  induces 
the  flow  of  water  away  from  the  injection  hole.  Multiple 
injections  at  an  interval  of  4  to  5  hours  may  be  necessary  to 
achieve  the  required  degree  of  saturation.  Uniform  injection 
of  water  along  the  length  of  the  sample  is  achieved  by 
injecting  water  from  both  ends  of  the  sample.  An  increase  in 
water  content  up  to  2.5  percent  and  the  corresponding  increase 
in  the  degree  of  saturation  of  2  to  9  percent  were  achieved  by 
this  technique.  Samples  were  prepared  with  a  final  degree  of 
saturation  of  up  to  95  percent. 

Laboratory  compacted  fine-grained  samples  for  all  the 
sites  were  injected  by  this  technique.  Most  of  the  samples 
were  compacted  at  0.5  to  2  percent  dry  of  optimum  water 
content  and  injected  to  different  final  water  content. 

5.3.3  Test  Results  and  Discussions 

In  general,  the  cohesive  soils  investigated  show  a 
decrease  in  resilient  modulus  with  increase  in  the  water 
content.  Test  results  on  all  five  sites  are  compared  in  Figure 
5.11.  The  variation  of  resilient  modulus  with  increase  in 
water  content  for  the  each  site  is  discussed  in  Section  10.4. 
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It  can  be  seen  that  the  reduction  in  resilient  modulus  is  in 
the  range  of  2000  psi  to  14000  psi;  the  Bedford  soil  shows  the 
largest  decrease  in  resilient  modulus  due  to  increase  in  water 
content.  The  large  scatter  may  be  due  to  the  inconsistent 
quality  of  the  compacted  specimens.  Even  with  the  scatter,  a 
general  trend  in  the  reduction  of  resilient  modulus  with 
increase  in  water  content  is  clear. 

Bedford  soil  was  compacted  at  about  1.5  percent  dry  of 
optimum.  The  increase  in  water  content  due  to  injection  ranges 
between  0.28  to  1.3  6  percent,  and  causes  a  decrease  in  the 
resilient  modulus  up  to  about  14000  psi. 

Bloomington  soil  was  initially  compacted  at  about  2 
percent  dry  of  optimum.  The  increase  in  water  content  ranges 
between  0»55  to  2.0  percent  and  causes  a  decrease  in  resilient 
modulus  between  3000  psi  to  7000  psi.  Due  to  the  drying  of 
sample  during  test,  one  of  the  data  point  shows  negative  value 
of  increase  in  water  content.  Results  in  Figure  5.11  indicate 
that  resilient  response  of  Bloomington  soil  is  relatively  less 
sensitive  to  changes  of  water  content  after  compaction. 

Fort  Wayne  soil  samples  were  compacted  at  about  2  percent 
dry  of  optimum.  All  the  specimens  subjected  to  water  injection 
show  similar  amount  of  increase  in  water  content.  The  average 
increase  in  water  content  is  about  0.76  percent  while 
resilient  modulus  shows  a  wide  range  of  decrement  ranging  from 
0  to  8000  psi. 

South  Bend  soil  samples  displayed  the  lowest  value  of 
optimum  water  content,  and  samples  for  this  site  have  been 
compacted  at  about  0.5  to  1  percent  dry  of  optimum.  It  can  be 
seen  that  this  site  shows  an  exponential  decrease  in  resilient 
modulus  due  to  increase  in  water  content  after  compaction. 

Washington  soil  samples  were  compacted  at  about  2  percent 
dry  of  optimum  and  the  increase  in  water  content  due  to 
injection  ranges  between  0.5  to  2.3  percent.  This  site  shows 
a  nominal  decrease  in  the  resilient  modulus  with  the  increase 
in  the  water  content  after  compaction. 
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To  compare  the  effect  of  the  dry  side  compaction  with  the 
wet  side  compaction  on  the  reduction  in  resilient  modulus  due 
to  water  content  change  after  compaction,  the  reduction  in 
resilient  modulus  of  South  Bend  samples  compacted  dry  side  of 
optimum  is  plotted  with  that  compacted  wet  of  optimum,  as 
shown  in  Figure  5.12.  As  expected,  samples  compacted  wet  side 
of  optimum  show  significantly  smaller  reduction  in  resilient 
modulus  than' those  compacted  dry  of  optimum  do. 

In  order  to  investigate  the  effect  of  molding  water 
content  on  the  change  of  resilient  modulus  due  to  subseguent 
increase  of  water  content,  samples  of  Fort  Wayne  site  were 
prepared  at  different  molding  water  contents.  As  shown  in 
Figure  5.12,  the  influence  of  water  content  change  after 
compaction  is  diminished  with  increase  in  the  initial  molding 
water  content.  It  also  shows  increasing  difficulty  to  increase 
water  content  of  samples  compacted  at  higher  molding  water 
contents.  One  set  of  data  (at  14.5  percent  water  content) 
shows  the  effect  of  wetting  and  drying  cycle.  This  was 
achieved  by  injecting  water  in  the  sample  and  leaving  the  mold 
unwrapped  overnight.  Result  shows  that  the  resilient  modulus 
at  the  stage  of  drying  is  larger  than  that  of  as-compacted 
condition,  at  the  same  water  content.  The  increase  in  the 
modulus  may  be  caused  by  the  development  of  tension  in  the 
water  menisci  at  the  contact  boundaries  of  soil  particles. 

Though  the  current  technique  is  effective  in  increasing 
the  water  content  moderately,  there  are  practical  problems  in 
achieving  a  larger  increase  in  water  content  using  this 
technique.  A  subgrade  eventually  reaches  the  equilibrium  water 
content  due  to  the  capillary  rise  from  the  ground  water  table. 
Also,  there  is  high  probability  of  having  near  full  saturation 
due  to  infiltration  of  water  from  sources  other  than  the 
ground  water  table.  To  predict  the  reduction  in  the  resilient 
modulus  due  to  increase  in  the  water  content  after 
construction,  it  is  necessary  to  develop  the  equipment  and 
technique  which  can  increase  a  specific  amount  of  water 
content  effectively. 
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Figure  5.12  Effect  of  Molding  Water  Content  on  the  Resilient 
Modulus  due  to  Subsequent  Change  in  Water 
Content 
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5.4  Resilient  Characteristics  of  Frozen  Cohesive  Soils 

Johnson  et  al.  (1979)  tested  the  Hanover  silt  and  Morin 
clay  specimens  at  several  subfreezing  temperatures,  taken  from 
the  test  pavements  in  the  frozen  condition .  The  resilient 
modulus  of  frozen  Hanover  silt  was  observed  to  decrease  more 
than  one  order  of  magnitude  as  the  temperature  approaches  the 
thawing  point.  Increasing  ad  influenced  the  resilient  modulus 
to  a  lesser  but  still  significant  degree.  The  factors  of 
confining  stress,  water  content  and  dry  density  did  not  appear 
to  significantly  affect  the  results  for  the  range  of 
conditions  imposed.  The  resilient  modulus  ranges  from  12  6,000 
psi  at  -0.5°C  to  5,800,000  psi  at  -6.5°C.  The  resilient 
modulus  of  frozen  Morin  clay  was  also  found  to  decrease  with 
increasing  temperature  and  increasing  deviator  stress.  It  was 
shown  that  range  in  resilient  modulus  is  about  36,000  psi  to 
2,170,000  psi,  and  that  the  specimen  of  higher  water  content 
resulted  in  higher  resilient  modulus. 

In  this  study,  six  specimens  were  removed  from  freeze- 
thaw  chamber  at  the  end  of  freezing  period  and  tested  by 
repeated  load  to  study  the  resilient  modulus  for  frozen 
cohesive  soil.  Since  no  cooling  system  was  used  to  maintain 
the  frozen  condition  during  repeated-loading  test,  the 
resilient  modulus  was  observed  to  decrease  significantly  after 
conditioning  stage.  Therefore,  resilient  modulus  only  during 
conditioning  stage  (ct3=6  psi)  is  presented  in  Figure  5.13. 
Conditions  of  each  specimen  before  freeze-thaw  are  given  in 
Table  5.3.  It  is  shown  that  the  resilient  moduli  of  frozen 
soils  are  almost  identical,  except  Washington  soil,  and  are 
almost  constant  in  the  range  of  deviator  stress  1  to  10  psi 
even  though  the  conditions  of  soils  before  freezing  are 
considerably  different.  Average  resilient  modulus  of  27000  psi 
is  reasonable  for  Bloomington,  Fort  Wayne  and  South  Bend 
soils.  Washington  soil  shows  an  average  resilient  modulus  of 
46000  psi. 
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Figure  5.13   Relationship  between  MR  and  ad  of  Frozen  Soils 


Table  5.3   Properties  of  Frozen  Specimens 
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ID 

M/C 
(%) 

7d 
(pcf) 

SU1.0* 

(psi) 

(%) 

Wp 
(%) 

BLF01 

32.9 

89.6 

8.9 

BLF02 

24.9 

98.4 

10.9 

FWF01 

11.5 

124.6 

24.7 

29.0 

13.2 

FWF02 

17.0 

117.8 

23.4 

33.5 

15.8 

SBF01 

8.3 

135.3 

36.3 

21.7 

8.9 

WAF01 

19.0 

110.0 

14.0 

40.0 

18.0 

5.5  Concluding  Remarks 


Ice  segregation  during  freezing  is  not  always  a  necessary 
condition  for  thaw-weakening  of  pavement  subgrade.  It  was 
observed  in  this  study  that  the  closed-system  freeze-thaw 
induces  a  significant  reduction  in  resilient  modulus  of 
cohesive  soils  without  visible  ice  segregation.  It  was  also 
shown  that  only  one  or  two  cycles  of  freeze-thaw  is  enough  to 
reduce  the  resilient  modulus  significantly. 

From  the  comparison  of  the  resilient  modulus  between 
laboratory  frozen-thawed  soil  and  field  frozen-thawed  soil, 
the  closed-system  freeze-thaw  testing  procedure  developed  in 
this  study  was  found  to  simulate  the  freeze-thaw  occurring  in 
the  field  reasonably  well.  There  is  a  negligible  effect  of 
freeze-thaw  for  soils  having  Sul0„  less  than  8  psi,  while  the 
effect  of  freeze-thaw  on  resilient  modulus  becomes  larger  as 
Sul0%  increases.  The  soil  whose  SuiOW  is  greater  than  15  psi 
would  have  a  more  than  50  percent  reduction  in  resilient 
modulus  due  to  freeze-thaw. 
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The  relationship  between  thawed  resilient  modulus  and  the 
suio*  f°r  five  sites  appear  to  fit  one  single  relationship.  If 
an  insignificant  change  of  water  content  occurs  during 
freezing-thawing,  the  following  equation  is  suggested  to 
predict  the  thawed  resilient  modulus  of  in-service  subgrade: 

AfJ?=2453.48+13  0.245UI  0%  (5.3) 

where  MR  is  the  resilient  modulus  at  a3=3  psi  and  ad=6  psi 
(psi)  ;  and  Sul  0%  is  the  stress  to  cause  1  percent  strain  in 
unconfined  compression  test  performed  before  the  freeze-thaw 
of  specimen.  It  was  shown  in  chapter  4  that  the  relationship 
between  MR  and  S„i0,  for  laboratory  and  field  compacted  soil  is 
only  slightly  different,  and,  therefore,  the  effect  of  freeze- 
thaw  on  laboratory  compacted  soil  is  expected  similar  with 
that  of  field  compacted  soil.  So,  the  thawed  resilient  modulus 
of  as-compacted  soil  may  be  estimated  from  the  unconfined 
compression  test  on  laboratory  compacted  specimen  using 
Equation  5.3. 

For  in-service  conditions,  the  relationship  of  thawed  MR 
with  thawed  Sul  0%  is  found  similar  with  that  between  MR  and  Sul  0% 
of  soils  which  have  not  been  subjected  to  freeze-thaw. 
Therefore,  the  thawed  resilient  modulus  of  in-service  soil  can 
be  estimated  from  the  unconfined  compression  test  result  on 
the  specimen  obtained  from  thawed  subgrade  using  following 
equation: 

MR=-1599  .66+83  3  .  83SUI-0%-6  .  96  83SUI-0%2         (4.8) 

where  MR  is  the  thaw-weakened  resilient  modulus  at  a3=3  psi  and 
ad=6  psi  (psi)  ;  and  Sul  0%  is  the  stress  to  cause  1  percent 
strain  in  unconfined  compression  test  performed  on  the 
undisturbed  soil  obtained  from  thawed  subgrade.  The  resilient 
modulus  of  the  as-compacted  condition,  the  in-service 
condition,  and  the  thaw-weakened  condition  may  be  estimated 
from  the  above  equation  if  Sul  0%  is  measured  on  the  specimen 
under  corresponding  conditions. 
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In  general,  cohesive  soils  show  a  decrease  in  resilient 
modulus  with  increase  in  the  water  content  after  compaction. 
Relationship  between  the  reduction  in  resilient  modulus  due  to 
the  increase  in  water  content  after  compaction  for  each  sites 
is  given  in  Section  10.4.  Estimation  of  the  in-service  water 
content  can  be  made  by  using  the  moisture  characteristics 
curves  prepared  by  the  pore-size  data.  However,  reliable 
estimate  of  change  in  in-service  water  content  can  only  be 
made  by  collecting  samples  in  different  seasons,  and  hence 
considered  beyond  the  scope  of  this  work.  It  is  desirable  to 
develop  a  technigue  capable  of  increasing  the  water  content  of 
specimen  more  effectively,  and  to  study  further  the  effect  of 
change  in  water  content  after  construction  on  the  resilient 
modulus . 

It  was  observed  that  the  resilient  modulus  of  frozen  soil 
is  independent  of  the  deviator  stress  and  is  almost  identical 
for  Bloomington,  Fort  Wayne,  and  South  Bend  soils.  A 
recommended  resilient  modulus  of  frozen  condition  is  27000  psi 
for  Bloomington,  Fort  Wayne,  and  South  Bend  sites,  and  46000 
psi  for  the  Washington  site.  The  modulus  of  frozen  soil  does 
depend  on  the  magnitude  of  the  in  place  temperature.  We  have 
used  the  data  obtained  in  Illinois  for  subgrade  temperatures 
when  testing  procedures  were  established  (see  pages  120-122  of 
the  report)  .  Thus,  we  believe  the  data  of  this  report  are 
directly  applicable  to  Indiana  conditions.  It  could  be  useful, 
in  long-term  studies  of  pavement  performance,  to  include 
subgrade  temperature  variation  as  basis  for  possible 
refinements  of  the  details  of  this  report. 
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6.  RESILIENT  MODULUS  OF  GRANULAR  SOIL 
6 . 1  Introduction 

The  rational  approach  to  pavement  design  requires  that 
the  resilient  characteristics  of  each  component  of  the 
pavement  system  be  known.  As  dune  sand  has  been  widely  used  as 
a  subgrade  material  in  northern  Indiana,  it  is  necessary  to 
investigate  its  resilient  property  for  the  mechanistic 
analysis  of  the  pavement  structure  and  for  use  with  the  1986 
AASHTO  Guide  for  the  Design  of  Pavement  Structures. 

For  this  purpose,  sand  was  sampled  from  the  subgrade  of 
1-94  at  station  1076+00.  This  dune  sand  is  very  uniform,  and 
its  particle  size  distribution  is  shown  in  Figure  2.9.  About 
65  percent  of  particles  are  between  0.425  mm  and  0.250  mm. 
More  than  99.8  percent  of  particles  are  smaller  than  2.0  mm 
and  the  percent  passing  No.  200  sieve  is  less  than  2.5  percent 
by  weight.  Since  there  exists  no  satisfactory  method  to  sample 
the  undisturbed  sand  with  reasonable  effort  and  time, 
disturbed  sand  was  compacted  in  the  laboratory  and  tested  for 
resilient  modulus  by  a  repeated-load  triaxial  test. 

According  to  the  previous  studies,  the  most  important 
factors  influencing  resilient  behavior  of  granular  materials 
are  the  state  of  stress,  degree  of  saturation,  initial 
density,  and  gradation.  Since  previous  studies  are  mainly  for 
aggregates  used  as  base  and  subbase  materials,  it  is  necessary 
to  study  the  influences  of  those  factors  on  the  resilient 
characteristics  of  dune  sand.  In  this  study,  the  effects  of 
compaction  method,  moisture  content,  and  dry  density  on  the 
resilient  characteristics  and  plastic  deformation  of  dune  sand 
are  studied.  Regression  equations  and  design  chart  to  predict 
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the  resilient  modulus  of  dune  sand  are  also  developed  to  help 
pavement  design  engineers. 

6.2  Factors  Influencing  Resilient  Properties  of  Granular  Soil 

6.2.1  Loading  Pulse 

Hicks  and  Monismith  (1971)  tested  two  aggregates,  one  a 
well-graded,  subgranular,  partially  crushed  gravel  and  another 
a  well-graded  crushed  rock,  to  study  the  effect  of  density, 
gradation  and  degree  of  saturation  on  the  resilient  modulus. 
Through  preliminary  test  to  establish  the  influence  of  number 
of  stress  repetitions  and  sequence  of  test,  it  was  found  that 
as  long  as  the  stresses  are  representative  of  those  found  in 
a  pavement  structure,  the  resilient  modulus  determined  after 
50  to  100  axial  stress  applications  could  be  used  to  properly 
characterize  the  behavior  of  granular  materials;  one  sample 
could  be  used  to  determine  the  resilient  response  for  stresses 
of  different  magnitudes.  Some  of  the  tests  were  conducted  over 
a  range  in  load  duration  of  0.1  to  0.25  second  and  no 
observable  influence  on  resilient  modulus  was  found. 

Monismith  et  al.  (1967)  tested  Monterey  sand  by  repeated 
loading  of  5  to  60  psi  with  a  stress  ratio  {aja^)  of  1.5  up  to 
100000  repetitions;  it  was  shown  that  resilient  strain 
increased  rapidly  up  to  10  repetitions  and  reached  a  constant 
value  at  fewer  than  100  repetitions. 

Tanimoto  and  Nishi  (1970)  showed  from  the  tests  on  the 
residual  soil  derived  from  decomposed  granite  with  two 
frequencies,  20  and  120  applications  per  minute,  that  the 
higher  the  frequency  of  stress  application,  the  smaller  the 
resilient  modulus.  In  this  test,  the  maximum  possible  increase 
in  resilient  strain  was  about  3  0  percent.  For  dry  sand,  the 
resilient  strain  decreased  as  the  number  of  stress 
applications  increased.  This  decrease  in  resilient  strain  was 
attributed  to  an  increase  in  density  of  the  specimen  during 
repeated  loading. 
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Kalcheff  and  Hicks  (1973)  tested  four  crushed  stones 
which  had  5.6  to  12.6  percent  fines  passing  #200  sieve.  Test 
results  indicated  that  the  number  of  stress  repetitions  and 
sequence  of  stress  had  little  effect  on  the  resilient 
behavior.  There  was  no  evidence  of  a  change  in  resilient 
modulus  with  changes  in  load  duration  or  frequency.  It  was 
also  shown  that  the  resilient  response  determined  after  150  to 
200  repetitions  of  stress  would  provide  a  reasonable 
indication  of  resilient  properties  and  the  response  to 
stresses  of  different  intensities  could  be  measured  in  any 
sequence  on  a  single  specimen.  It  was  noted  that  there  was  a 
considerable  effect  of  stress  sequence  on  the  plastic 
deformation  of  the  specimen  thouqh  there  was  little  effect  of 
stress  sequence  on  the  resilient  properties. 

Allen  and  Thompson  (1974)  performed  double  cyclic  loading 
test  on  two  aggregates,  crushed  stone  and  gravel;  they  showed 
that  both  materials  yielded  results  similar  to  those  reported 
by  Hicks  and  Monismith  (1971) .  The  resilient  response  of  these 
materials  after  25  to  100  stress  applications  represented  the 
response  determined  after  several  thousand  stress  repetitions. 
One  specimen  could  be  used  to  measure  the  resilient  response 
over  a  wide  range  of  stress  levels,  and  these  stresses  could 
be  applied  in  any  order.  The  resilient  modulus  of  these 
materials  was  found  to  be  affected  slightly  by  variations  in 
pulse  duration  from  0.04  to  1.0  second. 

6.2.2  Level  of  Stresses 

Hicks  and  Monismith  (1971),  Kalcheff  and  Hicks  (1973), 
Monismith  et  al.  (1967),  Allen  and  Thompson  (1974),  Brown  and 
Pell  (1967) ,  and  Khedr  (1985)  have  reported  a  significant 
increase  in  resilient  modulus  for  untreated  granular  base 
course  materials  with  an  increase  in  confining  stress.  Smaller 
increases  in  resilient  modulus  are  associated  with  an  increase 
in  repeated  deviator  stress  at  a  constant  confining  stress. 
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These  effects  of  confining  stress  and  deviator  stress  upon 
resilient  modulus  have  been  approximated  by: 

Mz'kiQ**  (6.1) 

where  8  is  first  invariant  of  stress  (a^a^Os)  ,  and  kj  and  k2 
are  constants  determined  experimentally.  This  equation  has 
been  widely  used  and  is  supported  by  data  obtained  from 
repeated  load  triaxial  tests.  Rada  and  Witczak  (1981)  analyzed 
271  resilient  modulus  test  results  and  found  that  there 
appeared  to  be  an  inverse  relationship  between  k,  and  k2  for 
all  granular  materials.  As  shown  in  Figure  6.1,  a  definite 
correlation  exists  between  them;  the  regression  equation  is  as 
follows: 

Logkx  =4.657-1.  807ic2 

The  results  shown  include  a  very  wide  range  of  granular 
materials  ranging  from  fine  silty  sands  to  slag  and  lime-rock 
aggregates . 

The  model  discussed  above  has  been  extremely  useful  and 
simple,  but  has  some  deficiencies.  First,  the  equation  MR  = 
kjfl*2  is  dimensionally  unsatisfactory.  Second,  there  is 
evidence  that  the  relationship  between  MR  and  0  varies  with 
the  magnitude  of  the  repeated  deviator  stress.  Repeated  load 
triaxial  testing  of  a  crushed  granite  by  Brown  (1974) 
indicated  that  the  relationship  between  MR  and  6  can  not  be 
represented  by  a  single  straight  line.  Furthermore,  Johnson  et 
al.  (1986)  showed  the  dependency  of  this  relationship  on 
stress  ratio,  and  proposed  the  model  involving  the  second 
invariant  of  stress  (J2)  and  the  octahedral  shear  stress  (r^,) 
as: 

MR=k^  —  )kl  (6-2) 
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Figure  6.1   Relationship  between  k,  and  k2  (after  Rada  and 
Witczak,  1981) 
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where  J2  =  CT,a2+a2a3+a3ai;  TKt  =  (V2/3)ad;  and  k,  and  k2  are 
constants  determined  experimentally.  Lastly,  Equation  6.1 
implies  that,  for  a  constant  confining  stress,  the  resilient 
modulus  should  increase  with  an  increase  in  repeated  deviator 
stress.  However,  Khedr  (1985)  showed  that  the  resilient 
modulus  decreased  with  increasing  deviator  stress,  for 
deviator  stress  less  than  10  psi.  Uzan  (1985)  also  noticed  the 
reversed  trends  of  resilient  modulus  of  a  dense  graded 
aggregate.  It  was  shown  that  the  resilient  modulus  predicted 
by  Equation  6.1  at  constant  confining  stress  increased 
monotonically  as  the  vertical  strain  increases,  whereas  the 
test  results  indicated  that  the  resilient  modulus  first 
decreased  as  the  vertical  resilient  strain  increased  and  then 
increased  as  the  strain  increased  further.  The  increase  in  the 
modulus  values  occurred  at  principal  stress  ratios  (oja^ 
larger  than  2  or  3.  Therefore,  the  following  equation 
including  deviator  stress  in  the  model  was  suggested: 

MR~kJP*aj*  (6-3) 

where  kt/  k2  and  k3  are  constants  determined  experimentally. 
Equations  6.2  and  6.3  clearly  underline  the  influence  of 
repeated  deviator  stress  on  the  resilient  modulus  of  granular 
materials.  However,  they  are  dimensionally  unsatisfactory  and 
have  not  been  generally  accepted  for  characterization  of 
granular  materials.  On  the  other  hand,  Equation  6.1  remains 
popular  because  of  its  simplicity. 

Nataatmadja  and  Parkin  (1989)  proposed  the  following 
model  which  is  dimensionally  satisfactory  and  incorporates 
confining  stress: 

¥g*=E+Fod  (6.4) 

e     d 

A  plot  of  (MRad)/0  versus  ad  allows  E  and  F  to  be  determined  as 
the  intercept  value  and  the  slope  of  the  straight  line, 
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respectively.  Comparison  between  predicted  resilient  modulus 
and  the  experimental  data  reported  by  Hicks  and  Monismith 
(1971)  and  Uzan  (1985)  indicated  that  the  proposed  model  was 
able  to  predict  the  MR  -  eR  and  ad  -  eR  relation  of  material. 
The  predicted  ad  -  €R  curves  were  initially  concave  downwards, 
indicating  decreasing  resilient  modulus;  for  deviator  stress 
values  greater  than  10  to  13  psi,  the  predicted  curves  were 
concave  upwards,  indicating  increasing  modulus. 

6.2.3  Initial  Dry  Density 

Hicks  and  Monismith  (1971)  showed  that  the  coefficient  k, 
increased  with  increasing  density  while  k2  remained  relatively 
constant  or  decreased  slightly.  For  partially  crushed 
aggregate,  the  modulus  increased  with  relative  density;  for 
the  crushed  aggregate,  relative  density  had  only  a  small 
influence  on  the  resilient  modulus.  For  both  type  of 
aggregates,  the  effect  of  density  decreased  as  the  percentage 
of  fines  increased. 

Rada  and  Witczak  (1981)  performed  repeated  loading 
triaxial  tests  on  six  aggregates  and  showed  the  effect  of 
compaction  energy  on  the  resilient  characteristics.  It  was 
observed  that  kt  increased  gradually  with  increasing 
compaction  energy,  and  that  the  k2  showed  no  distinctive 
pattern  and  remained  essentially  constant.  The  average 
increase  in  k,,  by  increasing  effort  from  Standard  to  Modified 
Proctor  energy,  was  about  48  percent. 

6.2.4  Degree  of  Saturation 

The  degree  of  saturation  of  most  untreated  granular  base 
course  material  has  generally  been  found  to  affect  its 
resilient  characteristics.  It  should  be  noted  that  for  typical 
gradations  and  densities  of  untreated  granular  base  course 
materials  a  small  change  in  water  content  corresponds  to  a 
large  change  in  degree  of  saturation. 
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Haynes  and  Yoder  (1963)  performed  repeated  load  triaxial 
tests  on  both  gravel  and  crushed  stone  base  course  material. 
It  was  found  that  the  resilient  modulus  of  the  gravel  at  a 
degree  of  saturation  of  97  percent  was  about  one  half  of  that 
at  a  degree  of  saturation  of  70  percent;  tests  on  crushed 
stone  had  small  random  variations  not  exceeding  20  percent 
within  the  range  of  70  to  80  percent  degree  of  saturation.  The 
decrease  in  modulus  with  increase  in  degree  of  saturation 
appeared  to  be  approximately  linear.  Kallas  and  Riley  (1967) 
reported  a  linear  decrease  in  the  regression  constant  k,  with 
increase  in  degree  of  saturation  when  test  results  were 
analyzed  on  a  total  stress  basis,  while  the  constant  k2 
remained  approximately  constant  with  changes  in  degree  of 
saturation. 

Hicks  and  Monismith  (1971)  concluded  from  their  test 
results  that  resilient  modulus  of  untreated  granular  material 
decreased  with  increase  in  degree  of  saturation  if  test 
results  were  analyzed  on  the  basis  of  total  stress,  but 
remains  approximately  unchanged  if  analyzed  on  the  basis  of 
effective  stress.  Seed  et  al.  (1967)  subjected  a  prototype 
pavement  to  repeated  loading  using  circular  loading  plates. 
Test  results  indicated  that  when  the  granular  base  course  was 
saturated,  the  resilient  deformation  within  the  base  course 
layer  increased  by  approximately  50  percent. 

Smith  and  Nair  (1973)  tested  well  graded,  partially 
crushed  gravel  (%  inch  maximum,  class  2  aggregate  base,  2-3 
percent  passing  #200  sieve,  yd  of  139.3  pcf,  water  content  of 
5.2  percent)  with  single  and  double  cyclic  test.  Data  from 
both  tests  indicated  that  for  a  given  value  of  6,  the 
resilient  modulus  for  single  cyclic  triaxial  tests  was 
somewhat  greater  than  that  from  double  cyclic  tests.  The 
difference  in  resilient  behavior  from  both  type  of  tests  was 
attributed  to  the  difference  in  generated  pore  water  pressure. 
Since  the  double  cyclic  tests  would  induce  the  greater  pore 
water  pressures,  the  effective  value  of  6   would  be  smaller  for 
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double  cyclic  tests.  Thus,  the  resilient  modulus  at  a  given 
total  stress  value  of  0  would  be  smaller  for  double  cyclic 
tests.  By  analyzing  the  data  reported  by  Hicks  and  Monismith 
(1971)  for  undrained  single  cyclic  repeated  load  tests  on 
saturated  specimens,  it  was  shown  that  the  reduction  in 
modulus  due  to  saturation  based  on  total  stress  was 
approximately  10  percent  if  only  axial  stress  was  repeated; 
dry  untreated  granular  base  course  material  would  have  a 
modulus  50  percent  greater  than  that  of  highly  saturated 
material  if  the  specimen  was  subjected  to  simultaneous 
increases  in  axial  and  radial  stresses. 

Rada  and  Witczak  (1981)  showed  the  marked  reduction  in 
the  magnitude  of  k,  with  increasing  degree  of  saturation  from 
the  159  separate  test  results  gathered  from  10  agencies.  In 
general,  the  effects  of  moisture  can  change  k,  from  about 
30000  for  the  dry  state  to  1000  for  the  saturated  state,  with 
resultant  changes  in  modulus  from  40000  to  10000  psi  or  less. 
By  analyzing  test  results  on  six  aggregates  performed  at  the 
University  of  Maryland,  it  was  shown  that  the  influence  of 
degree  of  saturation  on  k[  appeared  significant  and  depended 
on  type  of  aggregate,  while  k2  was  little  changed.  The  two 
crushed  stone  materials  exhibited  less  sensitivity  in  k,  to 
the  degree  of  saturation  while  k,  of  the  bank-run  gravel 
(poorly  graded  sand-gravel)  decreased  significantly  at  degrees 
of  saturation  larger  than  80  percent. 

6 . 2 . 5  Gradation 

Hicks  and  Monismith  (1971)  showed  that  the  regression 
constants  k,  and  k2  were  slightly  affected  by  the  fines 
content.  The  manner  in  which  k,  changes  was  dependent  on  the 
type  of  aggregate.  The  constant  k,  of  partially  crushed 
aggregate  generally  decreased  while  k,  of  crushed  aggregate 
increased  as  fines  content  increased.  The  same  trends  were 
observed  for  the  partially  saturated  and  saturated  test 


160 


series.  Although  the  effect  of  gradation  on  k2  was  not  well 
defined,  it  appeared  that  k2  decreased  slightly  as  fines 
content  increased.  For  the  dry  test  series,  k,  was  always 
larger  for  the  crushed  aggregate  than  in  the  partially  crushed 
material,  regardless  of  aggregate  gradation.  The  percent 
change  of  k, ,  however,  appeared  to  be  a  function  of  aggregate 
gradation.  For  coarse  grading,  the  difference  was  about  5 
percent,  while  for  the  medium  and  fine  grading  the  differences 
were  31  and  64  percent,  respectively.  The  actual  effect  on  the 
resilient  modulus  was  not  nearly  as  great  because  there  were 
also  differences  in  k2. 

Rada  and  Witczak  (1981)  showed  from  the  test  results  on 
six  aggregates  that  there  was  no  general  trend  applicable  for 
aggregate  types.  For  angular  base  materials,  there  appeared  to 
be  little  change  in  either  k,  or  k2  for  percent  passing  #2  00 
sieve  of  7  to  17  percent.  For  bank-run  gravel,  an  optimum  k[ 
value  was  apparent  near  the  dense  condition  and  a  marked 
decrease  in  k,  occurs  as  the  percent  passing  #2  00  sieve 
increased.  Although  no  pronounced  changes  occurred  in 
resilient  modulus  for  the  base  materials,  it  was  suggested 
that  an  increase  in  percent  passing  #200  sieve  beyond  16  to  18 
percent  would  eventually  have  pronounced  changes  in  the 
resilient  response  for  these  materials. 

Knutson  and  Thompson  (1977)  tested  five  typical  open 
graded  aggregate  materials  prepared  by  vibratory  compaction 
with  three  levels  of  compaction  energy.  It  was  found  that  the 
resilient  moduli  of  No.  4  and  No.  5  ballast  gradation 
aggregates  (American  Railway  Engineering  Association)  were 
usually  slightly  lower  than  that  of  a  well-graded  aggregate. 
The  resilient  moduli  of  open-graded  ballast  materials  were 
virtually  insensitive  to  changes  in  gradation  or  compaction 
level. 

Allen  and  Thompson  (1974)  showed  that  the  effects  of  type 
of  material  on  the  resilient  parameters  were  insignificant 
compared  with  the  effects  of  changes  in  stress  level.  In 
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general,  crushed  stone  yielded  slightly  higher  values  of 
resilient  modulus  than  gravel. 

6.3  Laboratory  Experimental  Program 

6.3.1  Preparation  of  Specimen 

Sand  obtained  from  the  field  was  air-dried  in  the 
laboratory  and  tapped  by  wood  hammer  to  break  any  clods.  After 
measuring  the  water  content  of  the  air-dried  sand,  amounts  of 
air-dried  sand  and  water  to  be  mixed  were  calculated. 
Considering  the  loss  of  water  during  mixing  and  curing,  an 
amount  of  water  corresponding  to  0.5  percent  of  water  content 
was  added  to  the  target  value.  Soil  was  mixed  manually  while 
spraying  water  into  a  mixing  pan.  Mixed  soil  was  put  into  a 
plastic  bag  and  stored  at  room  temperature  for  24  hours. 

Since  there  were  no  data  on  the  as-compacted  conditions 
of  this  sand,  the  project  advisory  committee  suggested  that 
disturbed  sand  in  the  laboratory  be  compacted  to  the  same 
specifications  as  field  compaction  specifications  and  to  test 
for  resilient  modulus  by  repeated-load  triaxial  tests.  Sand 
was  compacted  by  impact  hammer  into  a  split  mold  of  4-inch 
diameter  and  8-inch  height.  To  achieve  Standard  Proctor 
energy,  each  specimen  was  compacted  in  five  layers  with  total 
of  128  blows  by  5.5  lbs  hammer.  Compaction  results  by  impact 
hammer  are  summarized  in  Figure  6.2;  as  shown,  the  dry  density 
increases  slightly  when  compaction  water  content  increases 
from  3.5  percent  to  7  percent,  while  dry  density  of  about 
106.4  pcf  is  almost  constant  at  water  content  ranging  from  7 
percent  to  13.5  percent.  It  has  been  known  that  uniform  sands, 
containing  little  or  no  silt  and  clay,  respond  poorly  to 
impact  compaction  but  respond  very  well  to  vibratory 
compaction.  Johnson  and  Sallberg  (1962)  showed  that  some  sands 
display  straight-line  impact  compaction  curves  throughout  the 
range  from  the  dry  to  saturated  condition. 
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Another  series  of  sand  specimen  was  prepared  by  vibratory 
compaction.  A  table  generating  vibrations  of  60  Hz  was  used 
for  compaction  and  it  had  10  dial  settings  to  control  the 
magnitude  of  vertical  amplitude.  The  relationship  between  peak 
to  peak  amplitude  of  vertical  vibration  and  the  dial  settings 
of  the  vibrating  table  was  established,  as  shown  Figure  6.3, 
by  measuring  amplitude  using  a  PCB  308B  piezoelectric 
accelerometer.  It  was  observed  during  measurement  that  the 
harmonic  frequencies  of  60  Hz  were  present  with  12  0  Hz  being 
dominant  at  dial  settings  less  than  4 .  As  can  be  seen  in 
Figure  6.3,  peak  to  peak  amplitude  is  less  than  0.0005  inch  up 
to  dial  settings  of  4  and  increases  rapidly  for  dial  settings 
larger  than  4 . 

To  determine  the  optimum  amplitude  of  vibration,  four 
specimens  were  prepared  by  placing  air-dried  soil  as  loosely 
as  possible  in  the  mold  by  pouring  the  soil  from  the  spout, 
adjusting  the  height  of  the  spout  to  maintain  a  free  fall  of 
sand  of  about  \  inch.  After  levelling  the  excess  soil  with  the 
top  of  the  mold  with  a  straight  edge,  the  weight  of  mold  and 
soil  was  measured  to  calculate  the  dry  density.  Dry  density  of 
four  prepared  specimens  ranged  from  89.03  pcf  to  90.27  pcf. 
The  side  of  mold  was,  then,  struck  several  times  using  a  wood 
hammer  to  settle  the  soil  so  that  the  surcharge  base  could  be 
easily  placed  into  position.  Dry  density  after  tapping  was 
between  96.54  pcf  and  97.86  pcf.  After  placing  a  convenient 
surcharge  of  13.3  lbs  on  the  surface  of  sand,  the  mold 
containing  sand  was  attached  to  the  vibrating  table  and  the 
change  of  density  during  vibration  was  measured  at  different 
times.  Changes  of  dry  unit  weight  of  sand  with  time  due  to 
vertical  vibration  of  four  different  amplitudes  are  shown  in 
Figure  6.4.  For  all  four  compactions,  the  density  increases 
significantly  with  60  second  vibration,  and  five  minutes  of 
vibration  appears  enough  to  obtain  full  densif ication. 
Continued  increase  of  dry  density  after  5  minutes  may  be  due 
to  crushing  of  sand  particles.  To  account  for  the  effect  of 
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differences  in  initial  dry  density,  measured  density  was 
divided  by  initial  density  and  plotted  with  time.  As  shown  in 
the  lower  plot  in  Figure  6.4,  a  dial  setting  of  8  (peak  to 
peak  amplitude  of  0.0681  inch)  generates  the  most  efficient 
amplitude  for  the  given  sand  materials.  Therefore,  vertical 
peak  to  peak  amplitude  of  0.0681  inch  was  used  to  prepare  the 
specimen  for  resilient  modulus  test. 

Mixed  soil  was  compacted  on  the  vibrating  table  in  a  mold 
of  4-inch  diameter  and  8-inch  height.  Each  specimen  was 
compacted  in  five  layers  and  each  layer  was  subjected  to  5 
minute  vibration  with  13.3  lbs  surcharge.  Compaction  results 
by  vibrating  table  are  summarized  in  Figure  6.2.  As  can  be 
seen,  compaction  curves  by  impact  and  vibratory  compaction  are 
almost  identical  at  water  content  less  than  9  percent  while 
vibratory  compaction  shows  an  increase  of  dry  density  at  water 
content  greater  than  9  percent.  For  molding  water  content 
larger  than  11.5  percent,  water  squeezing  out  of  the  mold 
during  compaction  was  observed.  When  soils  with  the  two 
highest  water  contents  were  compacted,  the  reduction  of  water 
content  during  vibration  was  about  2  percent.  Therefore, 
compaction  with  water  content  higher  than  13  percent  was  not 
conducted. 

For  both  impact  and  vibrating  compaction,  the  rubber 
membrane,  which  is  typically  used  for  the  preparation  of 
granular  specimen,  was  not  used.  At  water  content  less  than  7 
percent,  the  specimen  could  stand  alone  due  to  capillary 
tension  after  the  split  mold  was  removed.  However,  at  water 
content  higher  than  7  percent,  the  adhesion  between  soil  and 
mold  was  large  enough  to  fail  the  specimen  when  the  split  mold 
was  removed.  To  reduce  the  attraction  force  between  soil  and 
mold,  the  mold  was  put  into  a  drying  oven  and  removed  after  2 
or  3  minutes.  Evaporation  of  water  in  contact  with  the  mold 
reduced  the  attraction  force  and  the  split  mold  could  be 
removed  without  failing  the  specimen.  The  change  in  water 
content  due  to  this  procedure  was  negligible. 
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6.3.2  Resilient  Modulus  Test  on  Dune  Sand 


After  compaction,  the  split  mold  containing  compacted 
specimen  was  placed  on  the  bottom  platen  in  triaxial  cell,  and 
the  mold  was  split  and  removed  from  the  soil  specimen.  The  top 
endcap  was  placed  on  the  top  of  the  specimen,  and  the  rubber 
membrane  and  O-rings  were  put  on  the  specimen.  After 
connecting  drainage  lines  to  the  top  endcap,  vacuum  was 
applied  to  lines  connected  to  top  and  bottom  of  the  specimen. 
The  loading  piston  was  then  carefully  screwed  into  the  top 
endcap  and  upper  support  plate  of  the  cell  was  tightened  to 
the  columns  of  the  triaxial  cell  by  screw  caps.  Pressure  cell 
was  then  slid  down  and  locked  by  clamping  blocks. 

The  assembled  triaxial  cell  was  moved  into  the  loading 
frame  and  the  loading  piston  of  the  triaxial  cell  was  joined 
to  the  load  cell  by  tightening  cap  screws  through  adapter 
plates.  An  extensometer  was  installed  between  load  cell  and 
triaxial  cell  to  measure  the  deformation  of  specimen  during 
test.  The  air  supply  line  was  also  connected  to  the  triaxial  j 
cell.  Signal  cables  from  load  cell,  extensometer  and  confining 
pressure  transducer  were  connected  to  control  and  signal 
conditioning  units. 

The  resilient  modulus  test  was  carried  out  following  the 
procedure  specified  in  AASHTO  T  274-82.  As  mentioned  in 
section  3.2,  the  test  for  granular  soil  consists  of  6 
conditioning  stages  and  27  testing  stages,  which  have 
combinations  of  different  magnitude  of  a3  and  ad.  During  the 
resilient  modulus  test,  it  was  observed  that,  for  all  tests 
performed  in  this  study,  the  total  deformation  exceeds  the 
limit  of  the  extensometer  (4  mm)  at  confining  stress  of  1  psi. 
The  test  was  terminated  at  repeated  deviator  stress  of  7.5  psi 
for  all  impact  compacted  specimens  and  at  repeated  deviator 
stress  of  10  psi  for  all  vibratory  compacted  specimens. 
Typical  stress  pulse  and  plot  of  axial  stress  versus 
deformation  measured  during  resilient  modulus  test  are  shown 
in  Figure  6.5. 
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6.4  Reduction  of  Test  Results 

As  discussed  in  section  6.2.2,  previous  studies  of 
resilient  response  of  granular  soils  have  indicated  that  the 
resilient  modulus  can  be  expressed  in  terms  of  bulk  stress: 

MR=AQB  (6.5) 

where  6  is  the  first  invariant  of  stress;  A  and  B  are  equal  to 
k,  and  k2  in  Equation  6.1,  respectively.  Regression  parameters 
are  determined  by  linear  regression  after  taking  logarithm  of 
MR  and  9.  Results  of  resilient  modulus  tests  reduced  by  above 
equation  for  both  impact  and  vibratory  compacted  specimens  are 
presented  in  Table  6.1. 

6.5  Test  Results  and  Discussions 

Typical  plots  of  test  results  are  shown  in  Figure  6.6, 
one  curve  for  soil  compacted  with  the  impact  hammer  and  the 
other  for  that  compacted  with  the  vibrating  table.  Solid  lines 
are  the  linear  regression  results  based  on  Equation  6.5,  and 
this  equation  appears  to  fit  test  results  well.  It  is  noted 
that  the  resilient  modulus  for  specimens  compacted  with  the 
vibrating  table  is  higher  than  that  for  impact  compacted 
specimen  even  though  the  impact  compacted  specimen  has 
slightly  higher  dry  density  and  lower  water  content.  It  is 
also  shown  in  Figure  6.7  that  the  repeated  deviator  stress  - 
resilient  strain  relationships  for  soils  compacted  by  impact 
and  vibration  are  significantly  different  and  the  vibratory 
compacted  soil  behaves  as  if  it  is  far  stiffer  than  impact 
compacted  soil.  It  is  noted  that  the  resilient  strain  varies 
not  only  with  the  repeated  deviator  stress  but  also  with  the 
confining  stress.  Nonlinearities  in  the  stress-strain 
relationships  are  apparent  in  all  cases  with  greater  degrees 
of  nonlinearity  at  lower  levels  of  confining  pressure. 
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Table  6.1   Resilient  Modulus  Test  Results  of  Laboratory 
Compacted  Dune  Sand 


TEST 

W/C 

Yd 

A 

B 

VMSE 

R2 

NOTE 

ID 

(%) 

(pcf) 

I94I01 

3.38 

104.23 

2337.59 

0.5984 

2221.82 

0 

,95 

impact 

I94I02 

4.31 

105.51 

2215.91 

0.5996 

1349.09 

0 

.98 

impact 

I94I04 

6.17 

106.12 

2209.69 

0.6064 

1409.81 

0 

.98 

impact 

I94I09 

7.95 

106.39 

2040.19 

0.6399 

1530.04 

0 

.98 

impact 

I94I10 

9.40 

106.38 

2176.60 

0.5973 

1771.46 

0 

.98 

impact 

I94I11 

10.46 

106.33 

2476.92 

0.5664 

1655.92 

0 

.96 

impact 

I94I13 

11.31 

106.34 

2270.19 

0.5910 

1389.22 

0. 

.98 

impact 

I94V04 

4.46 

104.42 

3165.03 

0.6017 

2513.09 

0. 

.96 

vibrate 

I94V07 

7.11 

107.24 

3042.70 

0.6245 

2201.73 

0. 

,97 

vibrate 

I94V11 

11.08 

109.95 

3315.59 

0.5795 

1769.33 

0, 

.96 

vibrate 

I94V12 

11.15 

110.01 

3286.55 

0.5630 

1876.42 

0. 

.95 

vibrate 

I94V13 

11.45 

111.14 

2770.17 

0.6059 

1793.67 

0. 

,97 

vibrate 

I94V14 

12.24 

111.59 

3174.41 

0.5629 

1518.18 

o. 

,96 

vibrate 
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Measured  total  and  permanent  strains  with  repetitions  of 
stress  pulse  at  confining  pressure  1  psi  are  shown  in  Figure 
6.8.  It  can  be  seen  that  the  permanent  strain  of  impact 
compacted  specimen  is  about  2.5  times  larger  than  that  of 
vibratory  compacted  specimen  at  same  stage  of  testing. 
Resilient  strain  is  the  difference  between  total  strain  and 
permanent  strain.  Resilient  strain  of  impact  compacted 
specimen  is  about  2  0  to  40  percent  larger  than  that  of 
vibratory  compacted  specimen.  It  is  also  interesting  that  the 
resilient  strain  is  almost  constant  when  the  permanent  strain 
is  increasing  rapidly  before  the  test  is  terminated. 
Therefore,  it  is  concluded  that  vibratory  compacted  specimens 
produce  significantly  less  permanent  deformation  and 
moderately  larger  resilient  modulus  than  impact  compacted 

specimens. 

The  difference  in  the  behavior  during  the  resilient 
modulus  test  may  be  due  to  nonuniform  densif ication  of  impact 
compacted  specimen.  Specimens  compacted  by  vibration  are 
densified  uniformly  by  means  of  surcharge  on  top  of  soil 
during  compaction  while  specimens  compacted  by  impact  are 
densified  less  uniformly.  During  impact  compaction, 
disturbance  due  to  impact  hammer  in  the  upper  half  portion  of 
each  compacted  layer  was  observed.  This  disturbance  may  cause 
nonuniformity  in  density  in  compacted  specimen.  Therefore,  the 
larger  resilient  deformation  occurs  in  less  densified  layers 
when  stress  pulses  are  applied,  and  results  in  smaller 
resilient  modulus. 

Another  possible  explanation  on  the  different  resilient 
response  of  sands  compacted  by  vibration  and  impact  is  a 
different  fabric  and  stress  history  of  compacted  soils.  It  was 
shown  by  Holtz  and  Kovacs  (1981),  referring  to  personal 
communication  with  Leonards  (1976),  that  it  is  possible  for 
sands  to  have  identical  relative  density,  but  significantly 
different  fabrics  and,  thus,  significantly  different 
engineering  behavior.  Lambrechts  and  Leonards  (1978)   and 
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Schmertmann  (1991)  also  showed  that  deposits  of  granular 
materials  which  have  been  prestressed  have  a  very  different 
stress-strain  property  from  that  of  deposits  subjected  to  no 
prestress.  Since  the  specimen  compacted  by  vibration  had  been 
subjected  to  surcharge  of  13.3  lbs  during  compaction,  there  is 
a  possibility  that  the  vibratory  compacted  specimens  are 
preloaded.  Therefore,  granular  soils  compacted  by  different 
methods  may  produce  different  soil  fabrics  even  though  they 
have  the  same  water  content  and  dry  density;  and  that  soils 
compacted  by  vibration  with  surcharge  have  preloading  effects 
due  to  surcharge  and  respond  better  than  impact  compacted 
soils  in  terms  of  resilient  and  permanent  deformations. 

To  investigate  the  effect  of  compaction  water  content  on 
the  resilient  characteristics  of  dune  sand,  the  constants  A 
and  B  are  plotted  with  water  content,  as  shown  in  Figure  6.9. 
Parameters  A  and  B  appear  not  to  be  affected  by  change  of 
water  content  for  both  compaction  methods.  This  implies  that 
the  resilient  behavior  of  soils  compacted  at  different  water 
content  by  same  compaction  mechanism  and  energy  is  identical. 
It  is  noted  that  the  parameter  A  of  vibratory  compacted  soil 
is  about  40  percent  larger  than  that  of  impact  compacted  soil 
while  parameter  B  is  almost  same  for  specimens  prepared  by 
both  compaction  methods.  This  means  that  log-log  plots  of 
resilient  modulus  for  soils  compacted  by  both  methods  are 
parallel  to  each  other  with  different  intercepts,  as  shown  in 
Figure  6.6.  The  average  value  of  A  for  vibrating  compaction  is 
3126  and  for  impact  compaction  2247.  The  average  value  of  B 
for  both  compaction  is  0.595.  Therefore,  the  resilient  modulus 
of  dune  sand  compacted  by  vibration  is  defined  by: 


WP=31266°-S9S  (6.6) 


where  MR  is  resilient  modulus  in  psi  and  6  is  sum  of  principal 
stresses  in  psi.  For  dune  sand  compacted  by  impact  hammer  with 
Standard  Proctor  energy,  resilient  modulus  is  predicted  by 
following  eguation: 
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Figure  6.9    Effect  of  Water  Content  on  Parameters  A  and  B 
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MR=2247B°-595  (6.7) 

From  the  above  discussion,  it  can  be  concluded  that  the 
change  of  compaction  water  content  has  no  effect  on  the 
resilient  characteristics  of  dune  sands  compacted  with  same 
compactive  effort.  Since  the  standard  resilient  modulus  test 
is  a  drained  type  of  test,  the  pore  pressure  generated  during 
the  test  dissipates  quickly  and  water  may  have  no  effect  on 
behavior.  This  conclusion  agrees  with  the  previous  test 
results  reported  by  Hicks  and  Monismith  (1971)  and  Smith  and 
Nair  (1973) .  Therefore,  it  is  believed  that  the  resilient 
behavior  of  sand  in  the  field  is  not  affected  by  change  of 
water  content  if  adequate  subdrainage  is  provided  to  not  allow 
a  build-up  of  pore  pressure  from  traffic  loading. 

To  investigate  the  effects  of  compaction  water  content 
and  dry  density  on  the  permanent  deformation,  permanent  strain 
at  the  end  of  22nd  stage  of  testing  (a3=5  psi  and  ad=15  psi) 
was  calculated  from  measured  deformation  and  plotted  with 
water  content.  As  can  be  seen  in  Figure  6.10,  permanent  strain 
of  impact  compacted  sand  increases  about  two  times  as  water 
content  increases  from  3.47  percent  to  11.31  percent.  It  is 
also  noted  that  permanent  strain  of  vibratory  compacted  sand 
is  less  than  half  of  that  of  impacted  compacted  sand  at  same 
water  content.  Also  shown  in  lower  plot  of  Figure  6.10  is 
effect  of  dry  unit  weight  on  the  permanent  strain.  Magnitude 
of  permanent  strain  increases  as  dry  density  decreases. 
Moisture  content  of  these  soils  ranges  from  9.52  percent  to 
9.91  percent.  The  permanent  strain  of  specimen  of  109.64  pcf 
is  0.135  in/ in  while  the  permanent  strain  of  specimen  of  102.0 
pcf  is  0.511  in/in. 

Field  compaction  is  usually  controlled  by  relative 
compaction  to  the  maximum  dry  density  and,  therefore,  it  is 
necessary  to  study  the  influence  of  dry  density  on  the 
resilient  behavior  of  sand.  Since  resilient  modulus  of  dune 
sand  compacted  with  same  vibrator  was  observed  not  to  be 
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affected  by  water  content  and  since  the  maximum  dry  density  is 
not  clearly  defined  due  to  the  difficulty  explained  before, 
four  specimens  were  compacted  at  water  content  of  9.52  percent 
to  9.91  percent  with  different  duration  of  vibration  to  study 
the  effect  of  dry  density  on  resilient  modulus.  Duration  of 
vibration  used  for  these  specimens  were  5  minutes,  1  minute, 
15  seconds  and  5  seconds  per  layer.  Due  to  shortage  of  soil, 
the  sand  once  used  was  dried  and  reused  for  this  series  of 
compaction.  As  expected,  the  dry  density  of  specimen  compacted 
with  vibration  of  5  minutes  per  layer  is  about  3  pcf  larger 
than  that  of  specimen  compacted  with  fresh  soil. 

Test  results  on  these  specimens  with  linear  regression 
lines  are  presented  in  Figure  6.11.  For  two  specimens  with 
larger  dry  density,  resilient  modulus  increases  slightly  as 
the  magnitude  of  repeated  deviator  stress  increases.  On  the 
other  hand,  two  specimens  of  lower  density  shows  a  decrease  in 
resilient  modulus  at  deviator  stress  less  than  2  psi  and  a 
slight  increase  at  higher  deviator  stress.  It  is  also  seen 
that  the  test  results  on  specimen  with  smallest  density  (102.0 
pcf)  shows  large  scatter  around  the  regression  line  while  the 
results  of  other  three  specimens  fit  well  to  the  regression 
line.  This  is  shown  in  Figure  6.12,  which  is  a  plot  of  square 
root  of  Mean  Square  Error  in  the  regression  equation  versus 
dry  density.  Square  root  of  MSE  for  the  specimen  of  smallest 
dry  density  is  more  than  4000  psi  while  error  for  other 
specimens  of  higher  density  is  about  2000  psi.  Therefore,  the 
regression  equation  appears  inadequate  to  fit  the  resilient 
modulus  test  result  of  specimens  compacted  with  dry  density 
less  than  104  pcf  at  water  content  about  9.75  percent. 

To  express  the  resilient  modulus  in  terms  of  relative 
magnitude  of  dry  densities,  relative  compaction  for 
recompacted  specimens  is  defined  as  the  ratio  of  dry  density 
of  each  specimen  to  the  expected  density  by  compacting  fresh 
sand  with  5  minutes  vibration  per  layer  at  same  water  content. 
By  comparing  Figures  6.11  and  6.6,  it  can  be  observed  that  the 
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recompacted  sand  with  vibration  of  1  minute  per  layer  has 
similar  dry  density  with  fresh  sand  compacted  with  5  minutes 
per  layer,  and  that  they  show  similar  resilient 
characteristics.  Therefore,  relative  compaction  for 
recompacted  specimens  are  calculated  by  dividing  dry  densities 
with  107.3  pcf.  In  addition,  parameters  of  specimen  compacted 
with  1  minute  vibration  per  layer  at  water  content  of  5.42 
percent  is  included  to  validate  the  effect  of  relative 
compaction  on  resilient  modulus  at  different  water  content. 
Relative  compaction  of  this  specimen  is  determined  by  dividing 
density  of  101.7  pcf  by  105.65  pcf,  expected  dry  density  by  5 
minutes  vibration  per  layer.  As  discussed  before,  parameters 
A  and  B  for  specimen  with  w/c=9.83  percent  and  7d=102.0  pcf 
are  not  adequate  due  to  large  scatter  of  test  results  around 
the  regression  line.  For  conservative  results,  parameters  A 
and  B  for  this  specimen  are  obtained  by  the  regression  on 
resilient  modulus  test  results  at  deviator  stress  levels 
larger  than  2  psi. 

The  parameters  A  and  B  of  these  specimens  are  plotted 
with  relative  compaction,  as  shown  in  Figure  6.13.  It  is 
observed  that  the  parameter  A  increases  almost  linearly  as 
relative  compaction  increases  while  parameter  B  is  almost 
constant  at  relative  compaction  ranging  from  95  percent  to  103 
percent.  Parameter  A  is  expressed  as  a  function  of  relative 
compaction  by  linear  regression.  Since  the  average  magnitude 
of  A  for  vibratory  compacted  sand  at  relative  compaction  of 
100  percent  is  3126,  the  regression  equation  is  calibrated  to 
this  condition  and  the  result  is: 

A=-20163+232.886i?C  (6.8) 

where  RC  is  relative  compaction  defined  as  ratio  of  dry 
density  of  specimen  to  expected  dry  density  by  5  minutes 
vibration  per  layer  (percent) .  Since  it  was  observed  that  the 
parameter  B  is  almost  constant  with  changes  of  relative 
compaction  and  that  magnitude  of  B  is  about  the  same  as  that 
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for  fresh  specimens,  B  value  of  0.595  is  believed  reasonable. 
Therefore,  the  resilient  modulus  of  dune  sands  compacted  by 
vibration  is  given  as: 

A^=(-2016  3+232.886i?C)80-595  (6.9) 

where  MR  is  resilient  modulus  in  psi  and  6  is  the  sum  of 
principal  stresses  in  psi. 

6.6  Concluding  Remarks 

At  the  same  water  content  and  dry  density,  the  resilient 
modulus  of  vibratory  compacted  specimen  is  higher  than  that  of 
impact  compacted  specimen.  The  repeated  deviator  stress  - 
resilient  strain  relationship  showed  that  the  vibratory 
compacted  specimen  behaves  as  if  it  is  far  stiffer  than  the 
impact  compacted  specimen.  It  was  also  shown  that  the 
permanent  strain  of  impact  compacted  specimen  is  far  larger 
than  that  of  vibratory  compacted  specimen  at  same  stage  of 
testing.  Therefore,  it  can  be  concluded  that  the  dune  sand  be 
compacted  by  vibratory  compactor  for  better  resilient  response 
in  the  field., 

The  resilient  moduli  of  specimens  compacted  with  the  same 
compactive  effort  is  identical,  regardless  of  water  content, 
while  the  permanent  strain  increases  as  the  water  content 
increases.  This  is  true  for  both  methods  of  compaction. 
Therefore,  the  resilient  behavior  of  sand  is  not  affected  by 
the  change  of  water  content  if  adequate  subdrainage  is 
provided  not  to  allow  a  build-up  of  pore  pressure  due  to 
traffic  loading.  The  resilient  modulus  of  dune  sand  compacted 
with  vibratory  energy,  producing  the  dry  density  similar  to 
100  percent  Standard  Proctor  density  at  water  content  lower 
than  9.5  percent,  is  defined  by: 

MR=3126Q°-59S  (6.6) 

where  MR  is  the  resilient  modulus  in  psi;  and  6    is  the  sum  of 
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principal  stresses  in  psi. 

For  specimens  with  relative  compaction  larger  than  96 
percent,  the  resilient  modulus  increases  as  the  magnitude  of 
repeated  deviator  stress  increases.  Specimens  of  lower  density 
show  a  decrease  in  resilient  modulus  at  deviator  stress  less 
than  2  psi  and  a  slight  increase  at  higher  deviator  stress. 
Scatter  around  the  regression  line  increases  as  the  density  of 
specimen  decreases.  Parameter  "B"  is  not  affected  by  water 
content  and  dry  density,  while  parameter  "A"  is  affected  by 
dry  density.  For  vibratory  compacted  sand,  the  resilient 
modulus  is  estimated  by  the  following  equation: 

MR*(  -20163  +232.  886i?C)  60-595  (6.9) 

where  MR  is  the  resilient  modulus  in  psi;  6  is  the  sum  of 
principal  stresses  in  psi;  and  RC  is  the  relative  compaction 
in  percent  defined  as  a  ratio  of  dry  density  of  specimen  to 
the  expected  dry  density  by  5  minute  vibration  per  layer. 
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7 .   FABRIC  OF  SOIL  —  THEORETICAL  BACKGROUND 

7.1  Definition  of  Soil  Fabric 

Historically,  soil  structure  and  fabric  have  been  studied 

by  pedologist  and  geologists  for  agricultural,  colloidal, 

physical,  and  chemical  behavior.  Several  different  variations 

of  the  definitions  of  structure  and  fabric  have  been  proposed 

(Jenny,  1941;  U.S.D.A.,  1951;  American  Geological  Institute, 

1957;  Baver,  1964) .  The  terms  structure  and  fabric  have  been 

defined  in  different  ways  and  have  been  interchanged  for  the 

same  concept.  Brewer  (1964)  discussed  different  shades  of 

these   definitions   and   suggested   the   following   general 

definition  for  soil   fabric: 

The  physical  constitution  of  a  soil  material  as  expressed 
by  the  spatial  arrangement  of  the  solid  particles  and 
associated  voids. 

Similarly,  Brewer  (1964)  defined  the  soil   structure: 

The  physical  constitution  of  a  soil  material  as  expressed 
by  the  size,  shape  and  arrangement  of  the  solid  particles 
and  voids  including  both  the  primary  particles  to  form 
compound  particles  and  the  compound  particles  themselves; 
fabric  is  the  element  of  structure  which  deals  with 
arrangement. 

Collins  and  McGown  (1974)  extended  the  definition  of  soil 
structure  to  include  other  components:  the  mineralogy,  size, 
physical  arrangement  and  relative  proportions,  by  weight,  of 
the  soil  particles  present;  the  pore  size,  pore  water  and  pore 
air  distribution;  the  chemistry  of  the  solid,  liquid  and 
gaseous  phase. 

In  short,  fabric  is  a  measure  of  the  arrangement  of  the 
soil  particles.  The  term  soil  fabric  includes  the  particle 
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spacing  and  the  pore  size  distribution  (Yong  and  Sheeran, 
197  3)  .  It  is  important  to  note  that  the  structure  and  the 
fabric  of  a  soil  do  not  include  the  mineralogical  and  chemical 
composition  of  the  soil  material. 

7 . 2  Previous  Studies 

Fabric  of  a  soil  can  be  classified  into  different 
categories  based  on  the  level  of  viewing.  A  fabric  unit  may 
represent  just  a  single  particle  or  a  group  of  particles  (Yong 
and  Sheeran,  1973) .  Size  of  a  fabric  unit  may  vary  from  the 
size  easily  visible  to  the  naked  eyes  (0.1  mm)  to  a  size  only 
visible  through  an  electron  microscope.  Figure  7.1  illustrates 
different  components  of  a  fabric  unit  —  cluster  and  domain. 
As  shown  in  Figure  7.1,  a  macropore  is  the  space  between  the 
fabric  units  (peds)  and  the  micropore  is  the  space  between  the 
clusters  and  domains  existing  in  a  ped.  Arrangements  of 
clusters  and  domains  in  a  ped  and  the  orientation  of  peds  have 
been  defined  using  different  models.  Following  is  a  summary  of 
the  proposed  models: 

(a)  Honeycomb  (Terzaghi,  1925;  Casagrande,  1932) 

(b)  Non-salt/salt  flocculated  (Lambe,  1958) 

(c)  Dispersed  (Lambe,  1958) 

(d)  Edge-to-face  (EF)  and  edge-to  edge  (EE)  flocculated  and 

aggregated  (van  Olphen,  1977) 

(e)  Stair-step  cardhouse  (O'Brian,  1971) 

(f)  Bookhouse,  turbo-static  (Barden  and  Sides,  1970) 

(g)  Ring  buttress  (Dudley,  1970) 

Earlier  studies  were  mainly  concerned  with  either  the 
study  of  the  overall  microfabric  using  polarizing  microscope 
(low  magnifications)  or  the  study  of  individual  particle 
arrangements  using  transmission  and  scanning  electron 
microscopes  (high  magnifications) .  Studies  based  on  the 
electron  microscope  suggested  that  single  particle  interaction 
is  extremely  rare  and  it  is  difficult  to  determine  the  extreme 
ends  of  a  clay  particle  (Barden,  1972) . 
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7.3  Determination  of  Soil  Fabric 

Prior  to  the  application  of  X-ray  diffraction,  electron 
microscopy,  and  scanning  electron  microscopy,  the  study  of  the 
soil  particle  arrangements  were  of  a  speculative  nature  by 
indirect  measurement  of  some  parameters.  Methods  of 
measurement  of  soil  fabric  can  be  classified  into  two 
categories:  (i)  direct  and  (ii)  indirect  methods.  Following  is 
a  summary  of  the  methods  of  measurement  of  soil  fabric: 

Direct  Methods: 

(a)  Optical  Microscope 

(b)  Electron  Microscope: 

(1)  Scanning  Electron  Microscope  (SEM) 

(2)  Transmission  Electron  Microscope  (TEM) 

(c)  X-Ray  Diffraction 

(d)  Pore  Size  Distribution  (PSD) 

Indirect  Methods: 

(e)  Acoustical  Velocity 

(f)  Dielectric  Dispersion  and  Electrical  Conductivity 

(g)  Thermal  Conductivity 
(h)  Magnetic  Susceptibility 
(i)  Mechanical  Properties 

A  summary  of  these  methods,  their  limitations,  and  sample 
preparation  for  different  methods  can  be  found  in  Mitchell 
(1976) .  All  of  the  above  mentioned  techniques  give  different 
types  of  information  about  the  pore  space  but,  finally,  all 
the  data  reduce  to  almost  the  same  result.  A  comparison  of 
different  techniques  may  lead  to  discrepancies.  For  example, 
a  two  dimensional  micrograph  will  have  a  high  probability  of 
disagreement  with  a  pore  size  curve  —  a  non-vector  quantity  — 
obtained  by  intrusion  from  all  around  the  soil  facades. 
Differences  between  the  techniques  for  a  real  porous  medium 
are  still  a  subject  of  research. 


190 


7.4  Pore  Size  Distribution  Using  Porosimetry 

Pore  space  and  the  orientation  of  particles  are 
complementary  to  each  other.  Characteristics  of  the  pore  space 
component  of  soil  fabric  —  size,  shape,  and  orientation  —  have 
been  investigated  by  several  researchers.  One  of  the  widely 
used  experimental  techniques  to  determine  the  pore  space  is 
mercury  intrusion  porosimetry  (MIP) .  Theoretical  background 
for  the  experimental  technique  of  MIP  was  prepared  by  Washburn 
(1921) .  Ritter  and  Drake  (1945)  used  the  Washburn  equation  to 
measure  pore  diameters  up  to  100  A  (0.01  microns)  by  applying 
a  maximum  of  10,000  psi  pressure.  Use  of  MIP  became  widespread 
in  the  1960 's  after  the  introduction  of  hydraulically 
pressured  commercial  instruments.  Diamond  (1970,  1971)  and 
Sridharan  et  al.  (1971)  were  first  to  study  the  fabric  of 
compacted  clays.  The  topic  became  so  popular  that  a  whole 
issue  of  Powder  Technology  (1981;  Volume  29,  No.  13)  was 
devoted  to  porosimetry.  In  the  same  journal,  Modry  et  al. 
(1981)  published  a  bibliography  listing  998  papers  on  the 
topic. 

MIP  is  a  simpler  and  faster  method  compared  to  other 
techniques  providing  similar  information.  Mercury  porosimetry 
has  become  a  useful  method  to  determine  the  pore  structure  of 
several  different  materials  from  paper  to  nylon c  Most 
publications  on  the  use  of  mercury  porosimetry  are  concerned 
with  building  materials  including  soil.  Results  are  presented 
as  a  pore  size  curve.  It  covers  a  large  range  of  pore 
diameters  that  can  be  determined.  MIP  is  based  on  the 
capillary  law  governing  penetration  of  liquid  into  small 
pores.  Washburn  suggested  the  following  equation  for  the 
pressure  required  to  force  mercury  into  the  pores  in  the  most 
materials: 

p  =  -  4  7  cos0  /  d  (7.1) 

where  p   is  a  pressure  required  to  cause  the  intrusion;  d  is  a 
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diameter  of  the  pore  being  intruded;  7  is  a  surface  tension  of 
mercury;  6  is  a  contact  angle  between  the  mercury  and  the  pore 
wall. 

Following  is  a  list  of  the  factor  which  may  affect  the 
reliability  of  the  pore  size  results: 

(a)  Pore  spaces  in  most  of  the  materials  are  rarely 
cylindrical.  Thus,  use  of  Equation  7.1  will  give  an 
equivalent  pore  diameter  of  the  intruded  cross  section  of 
the  pore  area. 

(b)  Real  pore  space  is  too  complicated  to  fit  into  any 
hypothetical  model.  The  diameter  evaluated  at  a  certain 
pressure  in  Equation  7.1  is  a  measure  of  the  corresponding 
entrance  to  the  void  space.  Entrance  to  a  void  may  lead  to 
an  area  larger  than  the  entrance  equivalent  diameter.  This 
effect  is  termed  as  bottle  neck  or  ink  bottle  effect. 
Hence,  the  term  d  in  Equation  7.1  gives  a  limiting  pore 
diameter. 

(c)  Surface  tension  of  mercury  has  been  assumed  as  a 
constant  value  at  all  pressure  levels.  This  value  depends 
on  the  purity  of  the  intruded  mercury  and  the  material  in 
contact  with  mercury. 

(d)  Contact  angle  between  mercury  and  the  soil  walls  has 
been  assumed  as  constant.  Value  of  the  contact  angle 
depends  on  solid  composition  of  the  material. 

(e)  Intruded  pore  diameters  are  limited  by  the  minimum  and 
maximum  pressure  that  can  be  used  in  a  certain  equipment. 

(f)  Boundary  conditions  of  a  small  finite  soil  sample  may 
not  be  representative  of  a  semi-infinite  porous  media. 

Even  with  the  factors  and  limitations  cited  above, 
mercury  porosimetry  is  often  a  reliable  technique  and  good 
reproducibility  of  results  can  be  achieved.  Significance  of 
the  errors  involved  due  to  the  several  assumptions  and 
limitations  has  been  discussed  by  Ritter  and  Drake  (1945)  and 
Brakel  et  al.  (1981).  The  only  serious  limitation  of  the  test 
is  due  to  the  bottle-neck  effect.  This  effect  is  a  function  of 
the  fabric  being  measured.  Higher  frequency  of  bottle  necks  in 
a  material  will  result  in  an  overestimation  of  finer  pores 
using  MIP. 
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Finally,  it  is  important  to  mention  the  applicability  of 
a  pore  size  curve  as  a  measure  of  soil  fabric.  The  pore-size 
curve  gives  a  measure  of  fabric  as  a  non-vector  quantity. 
Fabric  of  a  soil  is  non-isotropic  but  little  is  available  to 
get  tensor  data.  As  discussed  above,  there  are  several 
limitations  to  the  MIP  technique  but  good  reproducibility  has 
been  achieved  on  the  soil  samples.  The  pore-size  curve,  in  an 
absolute  sense,  to  represent  fabric  of  a  soil  and  to  predict 
soil  behavior  should  be  used  with  caution.  However, 
comparative  studies  eliminate  these  limitations  while  the 
fabrics  of  two  different  soils  are  being  compared.  The  present 
study  uses  PSD  to  suggest  that  if  two  soil  samples  have  the 
same  PSD,  then  they  have  the  same  fabric. 
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8.  REPLICATION  OF  FIELD  COMPACTED  FABRIC 
8.1  Introduction 

Characterization  of  fabric  as  a  pore-size  curve  presents 
data  which  can  be  analyzed  quantitatively.  Comparison  of  two 
pore-size  curves  provides  a  good  measure  of  the  difference 
between  the  fabric  of  the  soils  being  compared.  Pore-size 
curves  for  compacted  soils  generally  cover  about  six  orders  of 
diameters  (103  to  103  microns)  and  do  not  fit  in  conventional 
probability  distributions. 

Previous  studies  have  attempted  to  represent  a  pore-size 
curve  by  fabric  descriptors.  A  fabric  descriptor  is  an 
arbitrary  point  on  the  pore-size  curve  believed  to  represent 
certain  characteristics  of  the  pore-size  curve.  A  summary  of 
the  fabric  descriptors  can  be  found  in  White  (1980) .  White 
(1980)  compared  two  pore-size  curves  using  fabric  descriptors. 
He  found  that  the  assumptions  of  the  normality  of  the 
distributed  data  and  the  homogeneity  of  the  variances  among 
the  sets  of  data  (required  for  the  parametric  studies)  were 
not  met  by  the  majority  of  the  descriptors.  He  also  found  that 
only  three  fabric  descriptors  (D^,  D1S  and  FV)  ,  out  of  35 
selected,  were  found  to  satisfy  the  normality  and  homogeneity 
assumptions.  Hence,  conventional  parametric  methods  are  not 
effective  in  comparing  two  pore-size  curves.  The  present  study 
uses  a  nonparametric  approach  to  compare  two  pore-size  curves. 
A  program  has  been  developed  to  find  a  comparable  match 
between  the  laboratory  and  the  field  compacted  fabric. 
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8.2  Replication  Technique 

Classical  statistical  techniques  are  based  on  specific 
assumptions  about  the  population  sampled  and  are  termed  as 
parametric  methods.  On  the  other  hand,  nonparametric 
techniques  require  more  general  assumptions  about  the 
population.  The  assumption  most  frequently  required  is  that 
the  population  be  continuous.  Nonparametric  inferences  are 
based  on  some  function  of  the  actual  observations  of  the 
random  variables  in  the  sample.  Several  techniques  are 
available  which  use  nonparametric  approaches.  Details  about 
different  nonparametric  techniques  can  be  found  in  standard 
texts  such  as  Gibbons,  1985;  and  Wadsworth,  1990. 

Comparison  of  two  cumulative  pore-size  distribution 
curves  can  be  done  by  the  Kolmogorov-Smirnov  (K-S)  method. 
The  only  assumption  required  in  this  method  is  that  the  sample 
be  drawn  from  a  continuous  population.  The  test  statistic 
that  is  used  to  measure  the  difference  between  two  cumulative 
distribution  curves  is: 

D  =  max.  \Fa  (x)   -  F3   (x)  !  (8,1) 

where  D  is  the  K-S  statistic;  FSl  is  a  sample  cumulative 
distribution  function  (CDF)  from  the  first  curve;  FSl  is  a 
sample  CDF  from  the  second  curve. 

The  parameter  D  is  the  largest  absolute  vertical 
deviation  between  the  two  cumulative  functions  as  shown  in 
Figure  8.1.  The  sampling  distribution  of  D  under  the 
hypothesis  that  the  two  distributions  are  identical  is  given 
as  a  two-sample  K-S  D   statistic  (Gibbons,  1985) . 

In  order  to  compare  a  large  number  of  pore-size  curves, 
a  computational  technique  for  determining  the  K-S  test 
statistic  (D  parameter)  has  been  developed.  Interactive  Matrix 
Language  (IML  feature  of  Statistical  Analysis  System)  has  been 
used  on  an  IBM  3090  to  perform  the  required  computations. 
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8 . 3  Input  Data  Preparation 

The  analysis  has  been  performed  on  the  pore-size  results 
obtained  in  a  previous  study  (White,  1980) .  The  soil  was  an  A- 
6  (CL)  medium  plastic  clay.  Other  soil  parameters  can  be  found 
in  White  (1980) .  Four  compaction  methods  (impact  and  kneading 
for  the  laboratory,  and  Caterpillar  and  Rascal  compactor  for 
the  field)  were  used.  Field  and  Laboratory  compaction  curves 
are  shown  in  Figures  8 . 2  through  8.5. 

Most  of  the  pore-size  curves  have  about  24-30  uniformly 
spaced  (on  logarithmic  scale)  observation  points.  A  total  of 
262  such  curves  (125  for  laboratory  and  137  for  field 
compacted  samples)  were  included  in  the  study.  Each  curve  has 
been  given  an  unique  seven-digit  code,  and  each  digit 
represents  a  different  parameter.  First  three  digits  (starting 
from  left)  represent  the  method  of  compaction,  molding  water 
content,  and  energy  level.  They  determine  a  particular  group 
representing  that  sample.  Digits  four  through  seven  represent 
sample  number  and  replication  number,  and  are  useful  only  to 
identify  different  samples  in  a  particular  group. 

The  first  digit  represents  the  method  of  compaction. 
Compaction  methods  in  alphabetical  order  (Caterpillar,  Impact, 
Kneading,  and  Rascal)  are  represented  by  numbers  1  through  4 
respectively. 

The  second  digit  represents  the  molding  water  content. 
Molding  water  content  is  considered  as  the  relative  value  to 
the  optimum  moisture  content  rather  than  the  absolute  value. 
Molding  water  content  is  represented  by  five  ranges  (digit  1 
through  5)  as  shown  in  Table  8.1. 

The  third  digit  represents  the  energy  level.  Three  energy 
levels  (less  than  Proctor,  Standard  Proctor,  and  Modified 
Proctor)  are  used  for  the  laboratory  compaction.  Comparative 
energy  levels,  based  on  the  number  of  passes  of  the  compactor, 
are  selected  for  the  field  compaction.  Details  on  compaction 
energy  are  summarized  in  Table  8.2. 
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Figure  8.2 


Field     Compaction     Curve     for     the     Caterpillar 
Compactor 
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Figure  8.3    Field  Compaction  Curve  for  the  Rascal  Compactor 
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Table  8.1  Range  of  Molding  Water  Content 
for  the  Replicated  Soil 


(1)  very  dry  of  optimum: 

(2)  dry  of  optimum: 

(3)  optimum: 

(4)  wet  of  optimum: 

(5)  very  wet  of  optimum: 


>  1.6  %  dry  of  optimum 
<  1.5  %  dry  of  optimum 
optimum 

£  1.4  %  wet  of  optimum 

>  1.5  %  wet  of  optimum 


Table  8.2   Laboratory  and  Field  Compacted  Energy  Details 
of  the  Replicated  Soil 


Compaction 
Method 

Energy  Level,  lb.ft/cu.ft 
(optimum  water  content,  %) 
(1)        (2)         (3) 

(1)  Caterpillar  (Field) 
(segmented  pad) 

16,270 
(15.8) 

21,670 
(15.5) 

31,825 
(15.5) 

(2)  Impact  (laboratory) 

7,425 
(17.8) 

12,375 
(17.1) 

56,250 
(12.2) 

(3)  Kneading  (laboratory) 

7,776 
(18.5) 

15,400 
(16.7) 

56,250 
(12.6) 

(4)  Rascal  (field); 

(vibratory  segmented 
pad) 

16,650 
(15.9) 

25,140 
(15.2) 

31,825 
(14.8) 
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After  coding  each  pore-size  curve,  data  of  laboratory  and 
field  compacted  samples  are  placed  in  different  input  files. 
A  typical  sample  coding  is  shown  in  Figure  8.6.  These  input 
files  are  used  to  make  different  groups,  determined  by  the 
first  three  digits  of  the  sample  code.  Laboratory  and  field 
experimental  groups  are  shown  in  Table  8.3.  Table  8.4  shows 
number  of  replications  in  different  groups.  Each  group  is 
represented  by  the  code  of  the  first  sample  in  that  group.  A 
total  of  2  6  laboratory  groups  and  35  field  groups  were 
prepared  for  the  comparison. 

8.4  Computational  Process 

This  section  discusses  the  computational  technique 
developed  to  determine  the  K-S  statistic  for  the  comparison  of 
two  pore-size  curves.  It  involves  computing  the  difference  in 
the  ordinates  at  each  and  every  observed  point  on  the  curves 
being  compared.  The  process  is  explained  by  an  example.  In 
this  example,  a  24-point  (24  observations)  curve  is  compared 
with  a  30-point  curve.  AS  the  first  step,  ordinate 
differences  between  the  two  curves  are  computed  at  the  24 
points  corresponding  to  the  first  curve.  Linear  interpolation, 
if  necessary,  is  used  to  estimate  values  on  the  30-point  curve 
corresponding  to  the  24  observed  values  on  the  first  curve. 
This  process  produces  24  values  representing  ordinate 
difference  between  the  two  curves.  The  maximum  of  these  24 
values,  Da,  is  kept  and  the  rest  of  the  values  are  discarded. 
The  process  is  repeated  by  computing  ordinate  differences  at 
the  3  0  observed  points  corresponding  to  the  second  curve. 
Again,  only  the  maximum  of  the  30  values,  Db,  is  kept.  The 
larger  of  these  two  values  is  selected  as  the  D  parameter  (the 
K-S  statistic)  for  the  two  curves  in  question.  Repetition  of 
the  above  process  allows  us  to  have  a  better  estimation  of  D 
when  the  number  of  observation  on  the  curves  are  at  different 
abscissa  intervals. 
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Digit  Number: 

3  4 


2 

5 

3 

1 

0 

3 

0 

m         p         1 


Description  of  the  Digits: 
1:  2: 


COMPACTION 

MOLDING 

ENERGY  LEVEL 

METHOD 

WATER  CONTENT 

Laboratory: 

Laboratory: 

1 .    Impact 

2. 

very  dry  of  optimum 

1. 

Less  than  Proctor 

2.    Caterpillar 

3. 

dry  of  optimum 

2. 

Proctor 

3.    Kneading 

4. 

optimum 

3. 

Modified  Proctor 

4.    Rascal 

5. 

wet  of  optimum 

6. 

very  wet  of  optimum 

1. 

Field: 
4  passes 

Field: 

2. 

8  passes 

1. 

very  dry  of  optimum 

3. 

16  passes 

2. 

dry  of  optimum 

3. 

optimum 

4. 

wet  of  optimum 

5. 

very  wet  of  optimum 

4: 

5:                          6: 

7. 

Sample  Number 

Dummy                  Replication  No.      Dummy 

Figure  8.6   Sample  Coding  for  Laboratory  and  Field  Samples 


Table  8.3   Description  of  Laboratory  and  Field  Groups 
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Energy  Level/ 
Water  Content 


B 


IMPACT  COMPACTION 

very  dry  (>  1.6%  dry  of  opt.) 

dry  (<  1.5%  dry  of  opt.) 

optimum 

wet  (<  1.4%  wet  of  opt.) 

very  wet  (>  1.5%  wet  of  opt.) 

TOTAL  SAMPLES 

KNEADING  COMPACTION 

very  dry  (>  1.6%  dry  of  opt.) 

dry  (<  1.5%  dry  of  opt.) 

optimum 

wet  (<  1.4%  wet  of  opt.) 

very  wet  (>  1.5%  wet  of  opt.) 

TOTAL  SAMPLES 


- 

8 

3 

- 

4 

8 

4 

4 

4 

3 

7 

7 

4 

0 

8 

11 

23 

30 

5 

4 

4 

4 

4 

8 

4 

4 

4 

4 

4 

4 

4 

4 

- 

21 

20 

20 

TOTAL  LABORATORY  SAMPLES-125;  TOTAL  NUMBER  OF  GROUPS-26 


CATERPILLAR  COMPACTOR 

very  dry  (>  1.6%  dry  of  opt.) 

dry  (<  1.5%  dry  of  opt.) 

optimum 

wet  (<  1.4%  wet  of  opt.) 

very  wet  (>  1.5%  wet  of  opt.) 

TOTAL  SAMPLES 

RASCAL  COMPACTOR 

very  dry  (>  1.6%  dry  of  opt.) 

dry  (<  1.5%  dry  of  opt.) 

optimum 

wet  (<  1 

very  wet 


4%  wet  of  opt.) 

(>  1.5%  west  of  opt.) 


4 

7 

4 

4 

8 

4 

4 

4 

4 

3 

3 

3 

8 

7 

4 

23 

29 

19 

4 

4 

4 

4 

4 

4 

4 

5 

4 

9 

4 

4 

4 

4 

4 

25 

21 

20 

TOTAL  SAMPLES 

TOTAL  FIELD  SAMPLES-137:  TOTAL  NUMBER  OF  GROUPS:'  35 

1  Groups  with  more  than  6  replications  are  divided  in  two 
groups-each  representing  a  different  sample. 
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Table   8 . 4  Laboratory    and    Field   Group    Codes    and    Number    of 

Replications 


-LABORATORY  GROUPS- 
tt  code  rep. 

IJKL0M0 


-    FIELD  GROUPS    - 
#  code  rep. 

I'J'K'L'O  M'O 


1 

2221010 

8 

1 

1114010 

4 

I,  r:  COMPACTION  METHOD 

2 

2231060 

3 

2 

1121010 

3 

1=  Caterpillar 

3 

2321050 

4 

3 

1126010 

4 

2= Impact 

4 

2331010 

8 

4 

1132010 

4 

3=  Kneading 

5 

2411010 

4 

5 

1214010 

4 

4= Rascal 

6 

2421010 

4 

6 

1221010 

4 

7 

2431050 

4 

7 

1223010 

4 

J,  J':  MOLDING  WATER  CONTENT 

8 

2511020 

3 

8 

1231020 

4 

1  =very  dry  of  optimum 

9 

2521010 

7 

9 

1314010 

4 

2=dry  of  optimum 

10 

2531010 

7 

10 

1326010 

4 

3=  optimum 

11 

2611010 

4 

11 

1332010 

4 

4=wet  of  optimum 

12 

2631010 

8 

12 

1411020 

3 

5  =vcry  wet  of  optimum 

13 

3211010 

5 

13 

1421010 

3 

J-CT  +  1) 

14 

3221010 

4 

14 

1433020 

3 

15 

3231050 

4 

15 

1511010 

4 

K,  K':  ENERGY  LEVEL 

16 

3311010 

4 

16 

1516010 

4 

1  =Less  than  Proctor;  (4  passes) 

17 

3321010 

4 

17 

1522020 

3 

2= Proctor,  (8  passes) 

18 

3331010 

8 

IS 

1525010 

4 

3=ModLfied  Proctor;  (16  passes) 

19 

3411010 

4 

19 

1535010 

4 

20 

3421010 

4 

20 

4113010 

4 

L,  L':  SAMPLE  NUMBER 

21 

3431010 

4 

21 

4126010 

4 

»2 

3511010 

4 

22 

4134010 

4 

M,  M':  REPLICATION  NUMBER 

23 

3521010 

4 

23 

4212010 

4 

24 

3531010 

4 

24 

4221010 

4 

25 

3611010 

4 

25 

4232010 

4 

26 

3621010 

4 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

4312010 
4321010 
4334010 
4412010 
4413010 
4422010 
4434010 
4511010 
4526010 
4534010 

4 
5 
4 
5 
4 
4 
4 
4 
4 
4 
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8.5  Computational  Stages 

Replication  analyses  have  been  performed  in  three  major 
parts: 

(a)  variability  within   each  laboratory  group 

(b)  variability  within  each  field  group 

(c)  comparison  between   laboratory  and  field  groups 

A  group  is  a  collection  of  replicated  test  results.  Most 
of  the  groups  have  four  replicated  results  as  shown  in  Table 

8.4.  Variability  within  a  group  is  defined  on  the  basis  of  the 
D  parameter.  Each  curve  in  a  group  is  compared  with  the  rest 
of  the  curves  to  determine  respective  D  parameters.  The 
computational  process  outlined  in  section  8.3  is  used  to 
determine  the  D  parameters.  The  methodology  of  the 
determination  of  the  within  a  group  variability  is  explained 
by  an  example.  This  example  considers  a  group  with  four 
replications.  In  this  example  group,  the  curve  1  will  have 
four  D  parameters— Dn,  D12,  D13,  and  D14.  The  first  subscript 
represents  curve  1  and  the  second  subscript  represents  the 
curve  (within  the  group)  with  which  the  curve  1  is  being 
compared.  For  example,  the  parameter  Dn  represents  comparison 
of  the  curve  1  with  itself  and  is  equal  to  zero.  Continuation 
of  this  process  results  in  16  (n2)  D  parameters  (4  for  each 
curve)  as  shown  in  Table  8.5.  For  efficient  processing  of  the 
data,  only  the  upper  part  of  the  symmetric  matrix  in  Table 

8.5,  with  6  (n[n-l]/2)  D  parameters,  is  evaluated  in  the 
actual  computations.  Note  that  the  diagonal  terms  representing 
comparison  of  a  curve  with  itself  are  zero. 

Average  variability  for  the  group  is  computed  by  taking 
the  average  of  the  non-zero  D  parameters.  Maximum  variability 
of  the  group  is  computed  by  taking  the  maxima  of  the  four  (n) 
Dmax  parameters  obtained  for  each  curve  as  shown  in  Table  8.5. 
These  two  parameters  define  the  variability  of  a  particular 
group. 
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Table  8.5    Computation  of  D   Parameter  for  a  Group  with 
Four  Replications 


Curve  1 
Curve  2 
Curve  3 
Curve  4 


■> 
■> 
■> 
-> 


Ju 
hi 
hi 
hi 


"12 
D22 

D42 


'13 


'33 

>4$ 


D 


14 


'34 
>44 


maximum  variability  of  the  group: 
average  variability  of  the  group: 
Djji    Kolmogorov-Smirnov  (K-S)    parameter 
i,j:      1  to  4,  i  f  j . 


■>  (Dmax)  j 

•>  (Dmax)  2 

•>  (Dmax)  3 

■>  (Dmax)  4 

max[  (Dmax)  t] 
ave[(2ty] 


The  group  variability  in  the  form  of  the  average  and  the 
maximum  value  of  D  is  computed  for  both  the  laboratory  and  the 
field  samples.  A  total  number  of  26  laboratory  and  35  field 
groups  are  included  in  this  study. 

In  the  final  stage  of  the  analyses  all  the  laboratory 
curves  are  compared  with  all  the  field  curves,  irrespective  of 
their  groups,  to  determine  the  D  parameters  for  the  each  of 
the  comparisons.  Computations  in  this  stage  of  the  analysis 
are  independent  of  the  previous  two  stages.  The  present  study 
includes  comparison  of  125  laboratory  and  137  field  curves. 
Results  are  obtained  in  a  matrix  form  representing  17,125  (125 
x  137  matrix)  D  parameters.  This  matrix  is  defined  as  the 
curve  matrix. 

The  curve  matrix  (125  x  137)  is  reduced  to  a  smaller 
matrix  (26  x  35) ,  defined  as  the  group  matrix,  representing 
comparison  of  laboratory  and  field  groups.  This  reduction  is 
achieved  by  averaging  the  individual  D  parameters  over  the 
replicated  samples. 

The  reduction  process  transforming  the  curve  matrix  into 
the  group  matrix  is  explained  by  an  example.  Suppose  we  are 
interested  in  the  variability  between  the  laboratory  group  5 
(L5)  and  the  field  group  12  (F12).  Table  8.4  shows  that  the 
group  L5  has  4  replications  and  the  group  F12  has  3 
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replications.  Twelve  D  parameters  from  the  curve  matrix  are 
used  to  find  the  group  variability  between  L5  and  F12.  These 
twelve  parameters  represent  comparison  of  the  first  curve  in 
the  group  L5  with  all  the  curves  in  the  group  F12  and  so  on. 
These  twelve  parameters  are  averaged  to  obtain  a  single  D 
value  representing  comparison  between  the  groups  L5  and  F12 . 
Details  of  the  results  of  the  analyses  performed  on  the 
26  laboratory  and  35  field  compacted  soil  groups  are  discussed 
in  the  following  Sections. 

8.6  Variability  within  the  Laboratory  Groups 

The  numbers  of  replications  included  in  the  different 
laboratory  groups  are  shown  in  Table  8.4.  Samples  compacted 
at  a  very  dry  (w/c:  >  1.6%  dry  of  optimum)  and  dry  of  optimum 
(w/c:  <  1.5%  dry  of  optimum)  water  content  and  with  less  than 
Standard  Proctor  energy  (level  A)  were  not  available  for  the 
analyses.  The  group  variability  of  the  laboratory  compacted 
samples  is  plotted  in  Figure  8.7.  Figure  8.7  shows  the  average 
and  the  maximum  variability  within  the  each  group-based  on  the 
replicated  samples.  Values  of  the  variability  results  shown  in 
Figure  8.7  are  tabulated  in  Table  8.6.  Higher  number  of 
replications  in  a  group  (for  example:  groups  LI,  L4,  L9,  and 
L18)  tend  to  increase  the  group  variability  as  shown  in  Figure 
8.7.  One  reason  for  this  higher  variability  is  the  increased 
likelihood  of  inclusion  of  samples  with  water  content  values 
on  the  extreme  ends  of  the  range  represented  by  the  group. 

Samples  with  higher  molding  water  content  (optimum  or 
higher)  and  energy  levels  (>  Standard  Proctor)  tend  to  have  a 
smaller  variability.  This  can  be  seen  in  groups  L7,  L10,  L12, 
L21,  and  L26  plotted  in  Figure  8.7.  One  probable  reason  for 
this  low  variability  is  the  increased  uniformity  achieved  by 
the  compaction  at  higher  molding  water  content  and  energy 
levels.  The  compaction  at  higher  water  content  and  energy 
levels  results  in  a  significant  reduction  in  the  macropores. 
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Figure  8.7   Laboratory  and  Field  Group  Variability 
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Table  8.6    Variability  Within  the  Laboratory  Groups 


Sorted  by 

Sorted  by 

Sorted 

by: 

GROUP 

AVERAGE  VARIABILITY 

MAXIMUM  VARIABILITY 

group 

laboratory 

variability 

group 

variability 

group 

variability 

# 

code 

ave. 

max. 

# 

ave. 

max. 

# 

ave. 

max. 

1 

2221010 

0.0638 

0.1146 

12 

0.0066 

0.0238 

8 

0.0075 

0.0093 

2 

2231060 

0.0345 

0.0507 

8 

0.0075 

0.0093 

3 

0.0106 

0.0147 

3 

2321050 

0.0106 

0.0147 

10 

0.0085 

0.0283 

26 

0.0104 

0.0156 

4 

2331010 

0.0256 

0.0581 

26 

0.0104 

0.0156 

t? 

0.0110 

0.0166 

5 

2411010 

0.0160 

0.0259 

3 

0.0106 

0.0147 

21 

0.0130 

0.0217 

6 

2421010 

0.0265 

0.0483 

22 

0.0110 

0.0166 

12 

0.0066 

0.0238 

7 

2431050 

0.0176 

0.0316 

21 

0.0130 

0.0217 

25 

0.0179 

0.0247 

8 

2511020 

0.0075 

0.0093 

24 

0.0151 

0.0270 

5 

0.0160 

0.0259 

9 

2521010 

0.0190 

0.0665 

5 

0.0160 

0.0259 

24 

0.0151 

0.0270 

10 

2531010 

0.0085 

0.0283 

7 

0.0176 

0.0316 

10 

0.0085 

0.0283 

11 

2611010 

0.0199 

0.0355 

25 

0.0179 

0.0247 

7 

0.0176 

0.0316 

12 

2631010 

0.0066 

0.0238 

9 

0.0190 

0.0665 

20 

0.0192 

0.0325 

D 

3211010 

0.0375 

0.0743 

20 

0.0192 

0.0325 

15 

0.0204 

0.0340 

14 

3221010 

0.0271 

0.0365 

11 

0.0199 

0.0355 

11 

0.0199 

0.0355 

15 

3231050 

0.0204 

0.0340 

15 

0.0204 

0.0340 

14 

0.0271 

0.0365 

16 

3311010 

0.0255 

0.0409 

16 

0.0255 

0.0409 

16 

0.0255 

0.0409 

17 

3321010 

0.0373 

0.0565 

4 

0.0256 

0.0581 

6 

0.0265 

0.0483 

18 

3331010 

0.0391 

0.0768 

6 

0.0265 

0.0483 

2 

0.0345 

0.0507 

19 

3411010 

0.0376 

0.0677 

14 

0.0271 

0.0365 

17 

0.0373 

0.0565 

20 

3421010 

0.0192 

0.0325 

2 

0.0345 

0.0507 

4 

0.0256 

0.0581 

21 

3431010 

0.0130 

0.0217 

17 

0.0373 

0.0565 

9 

0.0190 

0.0665 

22 

3511010 

0.0110 

0.0166 

D 

0.0375 

0.0743 

19 

0.0376 

0.0677 

23 

3521010 

0.0668 

0.1253 

19 

0.0376 

0.0677 

13 

0.0375 

0.0743 

24 

3531010 

0.0151 

0.0270 

IS 

0.0391 

0.0768 

18 

0.0391 

0.076S 

25 

3611010 

0.0179 

0.0247 

1 

0.0638 

0.1146 

1 

0.0638 

0.1146 

26 

3621010 

0.0104 

0.0156 

23 

0.0668 

0.1253 

23 

0.0668 

0.1253 
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Hence,  compaction  at  higher  water  contents  and  energy  levels 
generates  an  uniform  pore-size  curve  resulting  in  a  reduced 
variability  in  the  replicated  tests. 

Comparison  of  the  laboratory  compaction  methods  (impact 
and  kneading)  reveals  that  the  impact  compaction  produces 
lower  variability  in  the  pore-size  data  than  does  the  kneading 
compaction.  Figure  8.7  provides  a  visual  comparison  and  Table 

8.6  gives  the  variability  range  for  the  impact  (average  range: 
0.0066-0.0637)  and  the  kneading  (average  range:  0.0104-0.0668) 
compaction. 

8.7  Variability  within  the  Field  Groups 

The  number  of  replications  included  in  the  field  groups 
are  given  in  Table  8.4.  The  field  compacted  samples  are  highly 
variable  in  nature  due  to  less  control  over  the  molding  water 
content  and  the  field  compaction  process  in  general.  Molding 
water  content  in  the  field  may  vary  6  per  cent  from  the  target 
value.  The  field  group  variability  results  are  plotted  in 
Figure  8.7  and  the  values  are  given  in  Table  8.7.  Figure  8.7 
does  not  show  any  pattern  in  the  field  variability  results. 
Samples  compacted  with  the  Rascal  compactor  (sample  number  F20 
through  F35)  show  comparatively  smaller  variability  (average 
range:  0.0145-0.0505,  excluding  group  35)  than  those  with  the 
Caterpillar  compactor  (sample  number  Fl  through  F19;  average 
range:  0.0107-0.0662).  However,  no  conclusions  can  be  drawn 
from  this  difference. 

8.8  Comparison  of  the  Laboratory  and  Field  Group  Variability 

Comparison  of  the  field  and  the  laboratory  groups  (Figure 
8.7)  shows  that  the  field  compacted  groups  have  higher 
variability  (average  range:  0.0066-0.0668)  than  that  of  the 
laboratory  compacted  samples  (average  range:  0.0133-0.0982). 
As  shown  in  Figure  8.7,  about  70  percent  (25  out  of  36)  of  the 
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Table   8 

.7        Variability 

Within  the 

Field   Groups 

Sorted  by: 
GROUP 
group 

# 

field 
code 

variability 
ave.        max. 

Sorted  by: 

AVERAGE  VARIABILITY 
group      variability 
#           ave.           max. 

Sorted  by: 

MAXIMUM  VARIABILITY 
group     variability 
#          ave.              max. 

1 

1114010 

0.0218 

0.0376 

13 

0.0107 

0.0133 

13 

0.0107 

0.0133 

2 

1121010 

0.0193 

0.0236 

31 

0.0145 

0.0244 

25 

0.0172 

0.0226 

3 

1126010 

0.0169 

0.0280 

3 

0.0169 

0.0280 

28 

0.0170 

0.0234 

4 

1132010 

0.0219 

0.0371 

28 

0.0170 

0.0234 

2 

0.0193 

0.0236 

5 

1214010 

0.0293 

0.0446 

25 

0.0172 

0.0226 

31 

0.0145 

0.0244 

6 

1221010 

0.0382 

0.0598 

33 

0.0176 

0.0288 

3 

0.0169 

0.0280 

7 

1223010 

0.0341 

0.0578 

24 

0.0193 

0.0284 

24 

0.0193 

0.0284 

8 

1231020 

0.0218 

0.0456 

2 

0.0193 

0.0236 

33 

0.0176 

0.0288 

9 

1314010 

0.0371 

0.0598 

20 

0.0201 

0.0359 

18 

0.0209 

0.0315 

10 

1326010 

0.0662 

0.0982 

26 

0.0208 

0.0331 

26 

0.0208 

0.0331 

11 

1332010 

0.0249 

0.0445 

18 

0.0209 

0.0315 

34 

0.0240 

0.0333 

12 

1411020 

0.0431 

0.0595 

8 

0.0218 

0.0456 

21 

0.0235 

0.0357 

13 

1421010 

0.0107 

0.0133 

1 

0.0218 

0.0376 

20 

0.0201 

0.0359 

14 

1433020 

0.0309 

0.0399 

4 

0.0219 

0.0371 

27 

0.0231 

0.0371 

15 

1511010 

0.0536 

0.1003 

32 

0.0222 

0.0384 

4 

0.0219 

0.0371 

16 

1516010 

0.0352 

0.0633 

27 

0.0231 

0.0371 

I 

0.0218 

0.0376 

17 

1522020 

0.0283 

0.0388 

21 

0.0235 

0.0357 

32 

0.0222 

0.0384 

18 

1525010 

0.0209 

0.0315 

34 

0.0240 

0.0333 

17 

0.02S3 

0.0388 

19 

1535010 

0.0266 

0.0460 

11 

0.0249 

0.0445 

14 

0.0309 

0.0399 

20 

4113010 

0.0201 

0.0359 

19 

0.0266 

0.0460 

11 

0.0249 

0.0445 

21 

4126010 

0.0235 

0.0357 

17 

0.0283 

0.0388 

5 

0.0293 

0.0446 

22 

4134010 

0.0505 

0.0802 

23 

0.0287 

0.0512 

8 

0.0218 

0.0456 

23 

4212010 

0.0287 

0.0512 

5 

0.0293 

0.0446 

19 

0.0266 

0.0460 

24 

4221010 

0.0193 

0.0284 

14 

0.0309 

0.0399 

23 

0.0287 

0.0512 

25 

4232010 

0.0172 

0.0226 

7 

0.0341 

0.0578 

7 

0.0341 

0.0578 

26 

4312010 

0.0208 

0.0331 

29 

0.0344 

0.0645 

12 

0.0431 

0.0595 

27 

4321010 

0.0231 

0.0371 

16 

0.0352 

0.0633 

6 

0.0382 

0.0598 

28 

4334010 

0.0170 

0.0234 

9 

0.0371 

0.0598 

9 

0.0371 

0.0598 

29 

4412010 

0.0344 

0.0645 

6 

0.0382 

0.0598 

16 

0.0352 

0.0633 

30 

4413010 

0.0396 

0.0645 

30 

0.0396 

0.0645 

29 

0.0344 

0.0645 

31 

4422010 

0.0145 

0.0244 

12 

0.0431 

0.0595 

30 

0.0396 

0.0645 

32 

4434010 

0.0222 

0.0384 

22 

0.0505 

0.0802 

22 

0.0505 

0.0802 

33 

4511010 

0.0176 

0.0288 

15 

0.0536 

0.1003 

10 

0.0662 

0.0982 

34 

4526010 

0.0240 

0.0333 

10 

0.0662 

0.0982 

15 

0.0536 

0.1003 

35 

4534010 

0.0952 

0.1643 

'  35 

0.0952 

0.1643 

35 

0.0952 

C.1643 
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average  field  variability  results  are  higher  than  0.02 
compared  to  43  percent  (11  out  of  26)  of  the  laboratory 
groups.  Another  comparison  is  made  in  Table  8.8.  Table  8.8 
shows  the  mean  and  standard  deviation  of  the  results  presented 
in  Tables  8.6  and  8.7.  Table  8.8  also  presents  data  by 
excluding  the  groups  showing  very  high  variability, 
considering  them  as  outlier.  In  all  the  cases,  the  laboratory 
average  and  the  maximum  variability  results  are  smaller 
compared  to  the  field  groups. 

8.9  Comparison  of  the  Laboratory  and  Field  Compacted  Fabric 

Most  of  the  present  analyses  deal  with  cross-comparison 
of  all  the  laboratory  and  field  compacted  pore-size  curves, 
irrespective  of  their  groups.  This  is  achieved  by  performing 
a  total  of  17,125  (125  x  137  matrix;  curve  matrix) 
comparisons.  Computational  technique  involved  in  this  process 
is  same  as  that  used  for  the  laboratory  and  the  field  within 
comparisons.  Results  of  these  curve-to-curve  comparisons, 
defined  as  the  curve  matrix  (125  x  137) ,  are  too  big  to  report 
here.  The  curve  matrix  has  been  reduced  to  a  smaller  matrix 
(26  x  35) ,  presented  as  group  matrix.  Group  matrix  provides 
comparisons  between  the  laboratory  and  the  field  groups.  The 
computational  steps  involved  in  this  reduction  process 
implement  the  averaging  technique  discussed  in  Section  8.5. 

Group  matrix  results  are  arranged  in  ascending  order  of 
variability.  The  two  different  formats  are  used  to  report  the 
results.  In  the  first  format  (Appendix  D,  26x35) ,  a  laboratory 
group  is  compared  with  all  the  field  groups.  For  example,  the 
laboratory  group  LI  has  the  best  match  with  field  group  F2 
{L1F2V  =  0.0781)  and  the  worst  match  with  the  field  group  F32 
(L1F32V  =  0.1584).  In  the  second  format  (Appendix  VIII, 
35x26) ,  a  field  group  is  compared  with  all  the  laboratory 
groups.  For  example,  the  field  group  Fl  has  the  best  match 
with  the  laboratory  group  L26  (F1L26V   =  0.0191)  and  the  worst 
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Table  8.8   Comparison  of  Laboratory  and  Field  Variability 
in  Pore-size  Data 


Variability    Lab-      Field     J  Lab-         Field 

within         oratory  oratory 

(excluding  groups) 

Group (all) (all) j  1  &  23 35 

Average  Variability 

mean  0.02439    0.02996    J  0.02098       0.02804 

standard 

deviation      0.01559    0.01643    j  0.01032       0.01206 


Maximum  Variability 


mean  0.04452    0.04844    J  0.03823       0.04503 

standard 

deviation      0.02923    0.02843    !  0.01975       0.02035 
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match  with  the  laboratory  group  L13  (F1L26V  =     0.1372)  .  Tables 
D.l  and  D.2  are  given  in  Appendix  D. 

The  first  format  helps  identify  a  laboratory  group 
capable  of  replicating  the  field  compacted  fabric;  and  the 
second  format  helps  identify  a  field  group  having  a  similar 
laboratory  compacted  fabric.  Several  observations  can  be  made 
from  the  results  provided  in  Tables  D.l  and  D.2.  The  following 
paragraphs  discuss  the  observations  and  the  findings: 

8.9.1  Match  Reversal 

A  certain  laboratory  group  best  matches  with  a  particular 
field  group  but  that  particular  field  group  may  best  match 
with  some  other  laboratory  group.  For  example,  Table  D.l  shows 
that  the  laboratory  group  LI  has  the  best  match  with  the  field 
group  F2  (L1F2V  =  0.0781)  but  the  field  group  F2  has  the  best 
match  (Table  D.2)  with  the  laboratory  group  L6  (F2L6V  = 
0.0270).  It  suggests  that  the  laboratory  group  Ll,  at  best, 
matches  fabric  of  F2  but  F2  creates  a  fabric  closer  to  that  of 
group  L6  than  to  group  LI.  Not  surprisingly,  a  majority  of  the 
comparisons  shown  in  Tables  D.l  and  D.2  shows  this  trend 
because  the  comparison  technique  tries  to  find  a  match  for  the 
each  group  considered  in  the  analyses.  Hence,  fabric  matching 
is  not  necessarily  a  reversible  process. 

A  fabric  is  considered  to  be  replicated  when  the  matching 
process  is  reversible. 

8.9.2  Multiple  Best-matches 

A  particular  laboratory  group  can  best  match  with  more 
than  one  field  groups  and  vice  versa.  This  multiple  matching 
is  explained  by  an  example.  In  Table  D.2  (row  1),  the 
laboratory  group  L10  has  the  best  match  with  10  field  groups: 
F31,  FA,  F28,  F19,  F34,  F13,  F8 ,  F9 ,  F10 ,  and  F32 ,  in  that 
order.  This  order  can  be  seen  in  Table  D.l  (column  L10) .  Six 
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out  of  these  ten  multiple  best  matched  groups  (F31,  FA,  F28 , 
F19,  F34  and  F13)  lie  in  the  first  10  best-matched  groups  with 
L10  (Table  D.l,  column  L10) .  Laboratory  group  L10  (code: 
2531010)  represents  a  group  having  a  wet  of  optimum  molding 
water  content  and  Modified  Proctor  energy.  Almost  all  of  the 
L10  best-matched  multiple  field  groups  have  optimum  or  higher 
molding  water  content  and  compacted  with  8  or  16  passes. 
Though  no  comparison  has  been  made  between  the  field  groups, 
this  observation  shows  that  there  is  no  significant  difference 
between  the  field  compacted  groups  on  the  wet  side  of  optimum, 
particularly  with  higher  compactive  energies.  Additionally, 
the  laboratory  and  the  field  compacted  groups  on  the  wet  side 
of  optimum  with  higher  compactive  energies  show  similarity  in 
the  fabric. 

Similarly,  data  in  Table  D.l  (row  1)  indicate  that  the 
field  group  F2  has  multiple  best  matches  with  9  laboratory 
groups:  L6,  L9,  L17,  L14,  LIB,  LI,  L15 ,  L16,  and  L13,  in  that 
order.  This  order  can  be  seen  in  Table  D.2  (column  F2) .  Only 
three  (L6,  L9 ,  and  1,17 )  of  these  nine  multiple  best-matched 
groups  lie  in  the  first  10  best-matched  groups  with  F2 ,  as 
shown  in  Table  D.2  (column  F2) .  In  fact,  groups  L15,  L16,  and 
L13  are  at  the  bottom  of  the  F2  column.  It  suggests  that  LI, 
L15,  and  L13,  at  their  best,  can  come  close  to  F2 ,  but  F2 
generates  a  fabric  similar  to  L6  and  other  groups  higher  up  in 
the  column  F2    (Table  D.2). 

Group  F2  (1121010)  represents  a  sample  compacted  in  the 
field  using  8  passes  of  Caterpillar  compactor  at  very  dry  of 
optimum  water  content  range.  Due  to  the  large  scatter  in  the 
field  samples,  actual  values  of  the  molding  water  content  for 
the  samples  in  the  group  F2  are  higher  (close  to  optimum)  than 
those  represented  by  the  group  code  (very  dry  of  optimum)  . 
This  scatter  is  visible  in  the  field  compaction  curves  shown 
in  Figures  8.2  and  8.3.  High  scatter  in  the  field  groups  makes 
it  difficult  to  make  any  conclusive  statements  based  on  the 
above  observation.  But  in  general,  it  can  be  said  that  the 
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laboratory  and  field  compacted  fabric  at  or  above  optimum 
water  content  with  Proctor  or  higher  energy  do  not  differ  much 
with  respect  to  pore-size  data. 

8.9.3  The  Worst  Matches 

Table  D.2  shows  that  laboratory  groups  LI,  L13,  L15,  L16, 
LIB,  and  L25  occur  frequently  in  the  bottom  five  matches.  It 
indicates  that  these  groups  have  a  low  probability  of  matching 
a  fabric  generated  by  any  of  the  field  compacted  groups.  These 
groups  except  L25  represent  laboratory  samples  compacted  on 
the  dry  to  very  dry  of  optimum  water  content.  Group  L25 
(3611010)  represents  kneading  compaction  at  very  wet  of 
optimum  with  less  than  Standard  Proctor  energy. 

It  is  concluded  that  the  laboratory  groups  with  very  dry 
to  dry  of  optimum  water  content,  particularly  with  less  than 
Standard  Proctor  energy,  are  less  likely  to  create  a  fabric 
obtained  by  any  of  the  compactors  used  in  the  field. 
Interestingly,  most  of  the  worst  matched  laboratory  groups 
belong  to  the  kneading  compaction  method. 

The  worst  matched  groups  are  now  discussed  by  turning  to 
Table  D.l  to  find  which  of  the  field  fabrics  is  difficult  to 
create  in  the  laboratory.  Field  groups  F8,  F9,  F10,  F32  and 
F35  are  frequent  groups  in  the  last  five  matches  in  Table  D.l. 
These  field  groups  represent  fabrics  which  are  difficult  to 
replicate  by  any  of  the  laboratory  methods  included  in  the 
study.  These  groups  represent  Caterpillar  compacted  samples  at 
dry  of  optimum,  and  Rascal  compacted  samples  at  wet  to  very 
wet  of  optimum,  with  high  compactive  effort  of  16  passes. 
These  are  also  field  compaction  conditions  that  specifications 
try  to  avoid  (INDOT,  1993) .  Since  the  field  groups  have  high 
internal  variability  as  shown  in  Figure  8.7,  a  caution  is 
advised  in  this  conclusion. 
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8.9.4  Frequently  Matched  Groups 

The  first  five  matches  from  Tables  D.l  and  D.2  were 
picked  to  represent  the  frequently  matched  groups  as  shown  in 
Figure  8.8.  Figure  8.8  clearly  shows  that  the  frequently 
matched  laboratory  groups  have  concentrated  occurrences  (high 
frequency  in  a  few  groups) .  On  the  other  hand,  field  groups 
show  a  spread  of  frequently  occurring  groups  over  a  wide  range 
of  groups.  This  again  confirms  an  overlap  (high  variability) 
in  the  field  compacted  groups  —  the  different  characteristics 
of  the  laboratory  and  the  field  variability. 

Laboratory  frequency  plot  in  Figure  8.8  shows  that,  in 
general,  impact  groups  at  very  dry  of  optimum  are  less  likely 
to  replicate  any  of  the  field  compacted  group  fabric.  Samples 
on  the  wet  and  very  wet  side,  with  less  than  Standard  Proctor 
energy  (group  L8  and  Lll) ,  are  also  less  likely  to  replicate 
any  of  the  field  compacted  group  fabric. 

Kneading  compacted  samples  have  low  overall  frequency 
(68/175)  of  matching  in  the  first  five  matched  groups  as  shown 
in  Figure  8.8.  Not  a  single  sample  compacted  with  kneading 
compaction  at  less  than  optimum  water  content  (Samples  L13 
through  L19)  was  able  to  fall  in  the  first  five  matched 
groups.  Later,  samples  compacted  at  wet  to  very  wet  with  less 
than  Standard  Proctor  energy  (L2  3  and  L2  5)  were  also  not  able 
to  match  in  the  first  five  matched  groups. 

In  summary,  Figure  8.8  shows  that  impact  compaction  is 
more  likely  to  produce  a  fabric  similar  to  that  created  in  the 
field  with  Caterpillar  and  Rascal  compactors.  Also  field 
compacted  fabric  is  less  likely  to  be  replicated  by  laboratory 
impact  compaction:  (a)  on  dry  side  of  optimum;  and  (b)  with 
less  than  Standard  Proctor  energy  on  the  wet  side  of  optimum. 
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Figure  8.8      Frequently  Matched  Laboratory  and  Field  Groups 
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8.9.5  The  Two-way  Match 

Table  8.9  and  Figure  8.9  have  been  prepared  by  picking  up 
the  five  absolute  minimum  values  from  Tables  D.l  and  D.2.  Note 
that  these  values  are  minimum  in  two-way  comparison, 
satisfying  the  replication  reversal  criterion.  For  example, 
L10  has  the  minimum  variability  with  F31  (Table  D.l)  and  F31 
has  the  minimum  variability  with  L10  (Table  D.2).  In  other 
words,  L10   best  matches  F31  and  F31  best  matches  L10.   Table 

8.9  suggests  that  the  best  matched  laboratory  groups  represent 
the  optimum  or  higher  molding  water  contents.  However,  on  the 
field  side,  groups  F2  and  F3  (basically  the  same  groups  with 
different  sample  numbers,  see  Table  8.4)  belong  to  the  dry 
side  of  optimum.  As  mentioned  earlier,  the  actual  values  of 
the  water  contents  in  these  groups  (F2  and  F3)  suggest  that 
the  water  contents  of  the  samples  tested  have  higher  values 
(close  to  optimum)  than  those  represented  by  the  group. 

Table  8.9  suggests  that  the  best-matched  groups  represent 
a  majority  of  the  samples  (both  the  field  and  the  laboratory 
compacted)  at  the  optimum  or  higher  water  content.  Moreover, 
most  of  the  laboratory  samples  in  Table  8 . 9  represent  Standard 
Proctor  or  higher  energy  level. 

8.10  Concluding  Remarks 

Statistical  methods,  such  as  the  nonparametric  method 
applied  for  the  present  study,  can  be  used  as  a  tool  in 
getting  a  direction  towards  finding  a  match  between  the 
laboratory  and  the  field  compacted  fabric.  It  is  difficult  to 
assign  a  single  laboratory  group  capable  of  replicating  the 
field  compacted  fabric  and  vice  versa.  However,  the  present 
analyses  provide  several  important  conclusions  regarding  the 
laboratory  and  the  field  compacted  fabric.  These  findings  are 
specifically  applicable  to  the  soil  in  question,  a  medium 
plastic  A-6  (CL)  soil.  However,  general  conclusions  about  the 
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Table  8.9   The  Best  Matched  Laboratory  and  Field  Groups 


Group 
Match 


LF„ 


Variability  within   the 
laboratory  and  the  field  groups 

A*./  Lvm  .  F*>'      Fvm 

(ave.  ,  max. ) (ave.  ,  max. ) 


Match  I 

L10/F31    0.0160 

Match  II 

L5/F33     0.0176 

Match  III 
L26/F26    0.0181 

Match  IV 

L20/F3     0.0240 

Match  V 

L6/F2      0.0270 


(0.0085,  0.0283)    (0.0145,  0.0244) 


(0.0160,  0.0259)    (0.0176,  0.0288) 


(0.0104,  0.0156)    (0.0208,  0.0331) 


(0.01921,  0.0325)   (0.0169,  0.0280) 


(0.0265,  0.0483)    (0.0193,  0.0236) 


Description  of  the  Best  Matched  Groups 

Best  Match     Laboratory  Method Field  Method 


Match  I 


Match  II 


Match  III 


Match  IV 


Match  V 


Impact  compaction 
wet  of  optimum 
Modified  Proctor 

Impact  compaction 
optimum  w/c 
<  Proctor 

Kneading  Compaction 
very  wet  of  optimum 
Standard  Proctor 

Kneading  Compaction 

optimum  w/c 
Standard  Proctor 

Impact  Compaction 

optimum  w/c 
Standard  Proctor 


Rascal  Compactor 
wet  of  optimum 
8  passes 

Rascal  Compactor 
very  wet  of  optimum 
4  passes 

Rascal  Compactor 
optimum  w/c 
4  passes 

Caterpillar 

Compactor 

very  dry  of  optimum 

8  passes 

Caterpillar 

Compactor 

very  dry  of  optimum 

8  passes 


LFv 


Variability  between   the  laboratory  and  field  groups; 

average  and  maximum  variability  within   the  laboratory 

groups; 

average  and  maximum  variability  within   the  field  groups. 
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fabric  of  the  laboratory  and  the  field  compacted  fabric  for 
the  fine-grained  soils  can  be  made  from  this  study: 

(a)  Fabric  of  a  compacted  fine-grained  soil  is  significantly 
influenced  by  the  molding  water  content; 

(b)  Fabrics  on  the  dry  and  the  wet  side  of  the  optimum  are 
significantly  different.  The  differences  in  the  dry  and  wet 
side  fabric  are  mainly  due  to  the  difference  in  the  macropore 
zone; 

(c)  Compaction  has  a  significant  influence  on  the  macropore 
zone  and  the  micropore  zone  is  relatively  insensitive  to  the 
compaction  process; 

(d)  Field  compacted  samples  show  higher  variability  in  the 
pore-size  data  on  the  replicated  samples; 

(e)  Impact  compaction  gives  less  variability  in  pore-size  data 
compared  to  the  kneading  compaction; 

(f)  In  the  laboratory,  a  group  (with  certain  molding  water 
content  and  energy  level)  can  be  represented  by  a  distinct 
pore-size  curve.  Field  compacted  samples,  even  under  highly 
controlled  conditions,  show  significant  scatter  and  overlap 
between  different; 

(g)  Wet  side  compaction,  especially  with  higher  compactive 
efforts,  gives  a  uniform  fabric  which  is  less  sensitive  to  the 
compaction  method  involved; 

(h)  Dry  side  laboratory  fabric  is  significantly  influenced  by 
the  compaction  method  and  the  energy  level; 

(i)  In  general,  variability  of  pore-size  data  decreases  with 
increase  in  the  molding  water  content.  It  suggests  that  the 
fabric  on  the  wet  side  of  optimum  is  comparatively  uniform  and 
consistent; 

(j)  Kneading  compaction  is  less  likely  to  replicate  a  field 
compacted  fabric  than  impact  compaction; 

(k)  The  best  matches  between  the  laboratory  and  the  field 
compacted  fabric  almost  always  come  from  the  optimum  or  the 
wet  side  compaction. 

Based  on  the  results  of  the  present  analysis,  it  can  be 
concluded  that  a  field  compacted  fabric  can  be  created  in  the 
laboratory  by  the  impact  compaction  at  optimum  and  slightly 
wet  of  optimum  (about  1  to  2%  wet  of  optimum)  water  content 
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using  Standard  Proctor  energy.  Comparison  of  the  energy  levels 
in  Table  8 . 2  also  suggests  that  the  energy  required  in  the 
laboratory  is  smaller  than  the  energy  applied  in  the  field. 
Kneading  compaction  (at  Standard  Proctor  energy  level)  is  also 
capable  of  replicating  the  field  compacted  fabric  at  water 
content  higher  than  optimum  values.  Hence,  at  comparable 
energy  levels,  impact  and  kneading  compacted  fabric  on  the  wet 
side  of  optimum  do  not  differ  significantly. 
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9.  FABRIC  OF  SOIL  —  EXPERIMENTAL  STUDIES 
9 . 1  Introduction 

For  the  purpose  of  design  and  analysis,  a  soil  mass  has 
almost  always  been  considered  as  a  continuum  though,  in 
reality,  it  is  composed  of  discrete  soil  particles  arranged  in 
some  fashion.  Predicted  soil  behavior,  using  the  theories  of 
continuum  soil  mechanics,  is  greatly  dependent  on  the  particle 
characteristics  such  as  shape,  size,  texture,  arrangement, 
forces  between  the  particles,  etc.  Hence  it  is  important  to 
understand  this  property  clearly  for  a  better  prediction  and 
understanding  of  soil  behavior. 

Fabric  of  soil  has  been  correlated  to  other  engineering 
behavior  such  as  permeability  (Marshall,  1958;  Garcia- 
Bengochea  et  al,  1979;  Juang  and  Holtz,  1986);  consolidation 
(Griffiths  and  Joshi,  1989) ;  compressibility  (Osipov,  1982) ; 
collapse  mechanism  (Clark  and  Gillott,  1985)  ;  suction  (Nagpal, 
1972;  Prapaharan  et  al.,  1985),  shear  strength  (Ahmed  et  al., 
1974);  and  frost  heave  (Reed  et  al.,  1979)  etc. 

Pore-size  studies  reported  in  the  literature  mostly  deal 
with  the  fabric  of  a  compacted  soil  mass.  The  present 
investigation  starts  with  the  investigation  of  fabric  of 
uncompacted  (fraction  finer  than  U.S.  #  16  sieve)  soil  mass. 
Five  fine-grained  soil  classes  (A-7-6,  A-7-5,  A-6,  A-4/A-6, 
and  A-4)  are  included  in  the  present  study.  It  is  believed 
that  the  determination  of  the  fabric  of  uncompacted  soil  will 
provide  inherent  soil  characteristics  and  a  reference  from 
which  the  effect  of  compaction  on  the  fabric  can  be  evaluated. 
Two  terms,  macroporosity  and  microporosity,  are  defined  to 
represent  the  distribution  of  porosity  as  determined  by  the 
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pore-size  curves.  Correlations  are  reported  between 
macroporosity  and  the  maximum  attainable  dry  density,  and 
between  microporosity  and  clay  fraction.  Further,  pore-size 
results  for  the  laboratory  and  field  compacted  samples  for  the 
selected  soil  classes  are  investigated.  Finally,  pore-size 
results  on  the  compacted  soils  are  correlated  with  the 
resilient  modulus  of  the  soil. 

9.2  Fabric  of  Uncompacted  Soil 

At  first,  borrow  soil  samples  for  the  pore-size 
determination  (prior  to  oven  drying)  were  air  dried.  The  air- 
dried  samples  are  then  oven  dried  prior  to  the  determination 
of  pore-size  distribution.  Pore-size  distribution  of 
uncompacted  soil  was  determined  on  the  soil  fraction  passing 
a  U.S.  #  16  (opening  1.18  mm)  sieve.  Fabric  changes  of  air- 
dried  uncompacted  samples  during  oven  drying  were  ignored. 
Pore-size  procedure  for  the  uncompacted  (soil  powder)  samples 
was  similar  to  that  for  the  compacted  soil  samples.  An 
especially  designed  penetrometers  with  an  inverted  cone-shaped 
bulb  was  used  for  the  uncompacted  soils  to  prevent  the  soil 
particles  from  sliding  into  the  penetrometer  stem.  Due  to  the 
higher  total  intruded  volume  required  for  the  uncompacted 
samples,  a  smaller  quantity  of  samples  (0.5-1.0  gm)  was  used. 
Pore-size  curves  on  the  fine  grained  soil  types  are  shown  in 
Figure  9.1.  Results  are  plotted  as  both  cumulative  and 
differential  curves.  Comparisons  of  uncompacted  pore-size 
curves  give  insight  about  the  soil  type,  plasticity  limits, 
and  clay  content.  Pore-size  distribution  on  uncompacted  soil 
also  provides  information  about  the  maximum  dry  unit  weight 
that  can  be  attained  at  certain  energy  level. 

A  cumulative  curve  provides  total  intruded  volume  during 
porosimetry.  On  the  other  hand,  a  differential  curve  provides 
intruded  volume  between  two  consecutive  pore  diameters.  The 
pore-size  distribution  curve  is  divided  into  two  parts  at  one 
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micron  limiting  pore  diameter.  The  part  of  the  curve 
representing  the  pore  diameters  larger  than  one  micron  is 
termed  as  the  macropore  zone.  Similarly,  the  part  of  the  curve 
where  pore  diameters  are  finer  than  one  micron  is  termed  as 
the  micropore  zone. 

Differential  intrusion  curves  for  uncompacted  clayey  soil 
classes  (A-7-5,  A-7-6,  and  A-6)  display  bimodal  distributions. 
One  peak  occurs  in  the  macropore  zone  and  the  other  in  the 
micropore  zone  as  shown  in  Figure  9.1.  The  macropore  mode  has 
a  comparatively  higher  peak  than  the  micropore  mode.  The 
micropore  mode,  termed  as  the  signature  mode  (Garcia-Bengochea 
et  al.,  1979),  represents  inherent  properties  of  a  clayey 
soil.  It  is  important  to  note  here  that  only  soils  with 
relatively  high  clay  fraction  display  a  Signature  mode. 
Signature  mode  parameters  such  as  diameter  (Sd,  micron) ,  and 
intrusion  (S,-,  cc/gm)  on  a  differential  curve,  are  related  to 
the  clay  content  and  the  plasticity  limits  of  the  soil. 
Signature  mode  occurs  towards  finer  pore  diameters  as  the  clay 
contents  of  soil  increases.  Signature  mode  parameters  for 
clayey  soil  classes  (A-7-5,  A-7-6,  and  A-6)  are  given  in  Table 
9.1. 

The  volume  of  mercury  intruded  in  the  micropore  zone 
(pore  diameter  <1  it)  is  defined  as  the  microporosity  (cc/gm)  . 
Similarly,  the  volume  of  mercury  intruded  in  the  macropore 
zone  (pore  diameter  >1  it)  is  defined  as  the  macroporosity 
(gm/cc) .  Microporosity  is  a  function  of  the  characteristics  of 
the  finer  soil  particles  and  the  clay  fraction  present  in  the 
soil.  Based  on  the  pore-size  data  on  the  uncompacted  soils 
(with  different  clay  fractions) ,  a  correlation  between  clay 
fraction  (particles  <2  /x;  Mitchell,  1976)  and  microporosity 
has  been  developed  for  different  soil  classes.  This 
correlation  is  given  in  Figure  9.2.  It  can  be  seen  that  a  soil 
with  higher  clay  fraction  displays  higher  microporosity  and 
vice  versa.  Values  of  the  micro  and  the  macroporosity  with 
other  soil  parameters  are  given  in  Table  9.1. 
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Macroporosity  of  an  uncompacted  soil  sample  is  a  function 
of  particle  characteristics  such  as  shape,  angularity,  and 
size.  Macroporosity  of  an  uncompacted  soil  is  generally 
reduced  by  compaction.  The  maximum  dry  unit  weight  that  can  be 
attained  by  certain  compactive  effort  is  a  function  of 
macroporosity.  A  correlation  between  the  maximum  attainable 
dry  unit  weight  at  Standard  Proctor  energy  and  macroporosity 
is  given  in  Figure  9.3.  The  correlation  shown  in  Figure  9.3 
indicates  that  soil  with  lower  macroporosity  attains  higher 
dry  unit  weight  during  compaction. 

9.3  Laboratory  Compaction  and  Fabric  of  Soil 

When  water  is  added  to  a  soil  mass,  part  of  it  first  wets 
the  soil  surface  to  form  an  adsorbed  water  layer.  Part  of  this 
water  is  then  drawn  into  the  fine  capillaries.  Soils 
compacted  at  lower  water  contents  (dry  of  optimum)  will  have 
a  majority  of  the  macropores  dry  as  most  of  the  water  will  be 
drawn  into  the  micropores.  A  majority  of  the  micropores  in  the 
samples  compacted  at  higher  water  contents  (wet  of  optimum)  is 
filled  with  water  and  the  pore  water  starts  to  occupy  the 
macropores.  At  higher  water  contents  the  capillary  tension  in 
the  water  held  in  the  finer  pores  breaks. 

Pore-size  curves  on  the  samples  compacted  in  the 
laboratory  at  different  molding  water  contents  were  obtained. 
Samples  were  compacted  to  cover  the  entire  range  of  the 
laboratory  compaction  curves.  Samples  were  compacted  in  a  2.8- 
inch  diameter  mold  using  Standard  Proctor  energy.  Samples  were 
first  tested  for  resilient  modulus.  After  the  resilient 
modulus  test,  pore-size  samples  were  obtained  from  the  middle 
third  of  the  sample.  Pore-size  samples  were  freeze-dried  with 
liguid  nitrogen  and  kept  under  vacuum  for  at  least  one  day 
before  pore-size  determination.  To  account  for  variability,  at 
least  two  pore-size  tests  were  performed  for  the  each 
compacted  sample  and  average  results  are  reported.  The 


23  2 


Z 

z 
a. 

_■ 


< 


_ 


LJ 

o 


CJ 

< 


5 


u 


0.04 


0.06  0.08  0.10 

MICROPOROSITY.   (CC/GM) 


0.12 


0.14 


Figure  9.3 


Correlation  between  Microporosity  of  Uncompacted 
Soils  and  Clay  Fraction 


233 


laboratory  compacted  pore-size  curves  for  the  five  soil 
classes  are  given  in  Figures  9.4  through  Figure  9.8.  Effect  of 
compaction  on  the  fabric  of  soil  can  be  evaluated  by  comparing 
pore-size  curves  for  the  uncompacted  and  the  compacted 
samples. 

Comparison  of  uncompacted  (Figure  9.1)  and  compacted 
cumulative  pore-size  curves  (Figure  9.4  through  9.8)  suggests 
that  compaction  causes  a  decrease  in  the  total  intruded 
volume.  A  decrease  in  the  total  intruded  volume,  particularly 
for  high  plastic  soils,  is  concentrated  in  the  macropore  zone. 
Pore-size  data  show  that  the  differential  curves  in  the 
micropore  zone  are  practically  unaffected  by  molding  water 
content.  This  is  particularly  true  for  high-plastic  soils  (A- 
7-6  and  A-7-5) .  Compaction  first  reduces  the  freguency  of  the 
larger  pores  and  then  progressively  shifts  the  frequency  of 
the  larger  pores  towards  the  finer  pores. 

Reduction  in  the  larger  pore  frequency  can  be  seen  by 
comparing  the  peak  intrusion  values  of  the  uncompacted  and  the 
compacted  samples  in  the  macropore  zone.  Increase  in  molding 
water  content  reduces  peak  intrusion  in  the  macropore  zone. 
There  is  a  significant  difference  in  the  macropore  peaks  on 
the  dry  side  and  the  wet  side  samples  for  Bloomington  (A-7-5) 
and  Fort  Wayne  (A-6)  soil  samples,  as  shown  in  Figures  9.5  and 
9.6. 

Data  reported  here  are  obtained  from  the  specimens 
compacted  with  Standard  Proctor  energy.  Sridharan  et  al. 
(1971)  reported  that  the  compactive  energy  has  virtually  no 
effect  on  the  frequency  of  intrusion  in  the  micropore  zone. 

Pores  for  compacted  samples  in  the  micropore  zone  are 
relatively  unaffected  by  compaction  and  give  almost  the  same 
distribution  at  different  molding  water  contents.  This  is 
particularly  true  for  high-plastic  soils  (A-7-6,  A-7-5,  and  A- 
6  soil) .  Signature  mode  diameters  (Sd)  for  soils  (A-7-6,  A-7- 
5,  and  A-6)  are  not  changed  by  compaction;  i.e.  the  signature 
mode  occurs  at  the  same  pore  diameter  for  both  the  uncompacted 


234 


o 


o 
o 


o 
m 


UJ 

> 

*"> 
O 


0.20 


0.15 


-   BEDFORD.    A-7-6  SOIL 


rm 1 — i    i    !  i  i  in r 


DRY  SIDE 

0 

17.9  % 

0 

ie.:  * 

9 

16.4  % 

op- 

-   19.5  * 

« 

19.5  X 

WE*  SIDE 

■ 

20.5  X 

0.001  0.01  0.1  1  10  100 

LIMITING  PORE  DIAMETER.   (MICRON) 


1000 


0.C3 


o 


O 
m 

3 

— 
Z 

< 


UJ 


0. 


0.0 


0.001  0.01  C.I  1  10  100 

LIMITING  PORE  DIAMETER,   (MICRON) 


1000 


Figure  9.4    Laboratory  Compacted  Fabric-Bedford  Soil 


235 


o 


a 


•z. 
o 

on 

Z> 


5 

Z) 


0.20 


0.15 


0.10 


0.05 


0.00 


-     BLOOMINGTON.  A- 
i 

— 1 1     1    II  1  IT 

-7-5  SOIL 

' 

Ml,             ,11, 

1  1  llj 

— r  t-t- 

:DRY  SIDE 
0      16.3  X 
0      18.3  X 

i    v     20.6  X 
o     22.1  X 

s 

"0 

"*   7 

t 
I 

i 

j 

1 

1 

; 

I0PT  -  23.5  X     • 

IWET  SIDE 
i    ■     24.2  X 
•     26.5  X 

* 

V 

v. 

1    \A 

i 

1      1     1     1 

i       :     i    I  I  nil         .1       ill 



\  "-'■• 

- 

1 1 ,  m  *ii  .in 

0.001  0.01  0.1  1  10  100 

LIMITING  PORE  DIAMETER.   (MICRON) 


1000 


0.06 


5 

a 
\ 

u 
u 


z 
c 
in 

- 


K 
Ll 


0.04 


0.02 


0.00 


— <— i — i  i  , ,  in 1 —   .ii 

BLOOMINGTON.     A-7-S  SOIL 

DRY  SIDE 
□     16.3  X 
O    '1S.3  X 
v    70.6  X 
o    J22.1  X 


,  ,  mi         ,      , — IT 


-OPT  -  23.5  X- 

WET  SIDE 

■  '24.2  X 

•  26.5  X 


>I-^, 


0.001  0.01  0.1  1  10  100 

LIMITING  PORE  DIAMETER,   (MICRON) 


1000 


Figure  9.5   Laboratory  Compacted  Fabric-Bloomington  Soil 


236 


o 


g 

LAI 

q: 


LlI 

> 

5 

o 


0.20 


0.15 


0.10 


0.05 


I    !  I  I  I] ! 1 — MM! 

FORT     WAYNE.     A- 6  SOIL 

DRY  SIDE 
o      1 1 .8  * 

O      12.5  * 


0.001  0.01  0.1  1  10  100 

LIMITING   PORE  DIAMETER,   (MICRON) 


1000 


o 


g 


0.04 


0.03 


0.02 


0.01 


0.00 


1 — i — i  i  i  i  in 1 — r 

FORT     WAYNE.    A- 6  SOIL 


DRY  SIDE 


0.001 


0.01  C.I  1  10 

LIMITING   PORE  DIAMETER,   (MICRON) 


1000 


Figure  9.6    Laboratory  Compacted  Fabric-Fort  Wayne  Soil 
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and  compacted  samples.  Parameter  S,  is  changed  by  the 
compaction  of  soil.  Soils  with  larger  clay  fraction  (A-7-6  and 
A-7-5)  show  slight  reduction  in  S,  due  to  denser  packing  of 
clay  fraction.  Soils  with  moderate  clay  fraction  (A-6)  show  a 
slight  increase  in  Sf.  This  increase  for  soils  with  smaller 
fraction  of  clay  is  due  to  the  shifting  of  the  larger  pores 
towards  the  finer  pores.  This  trend  can  be  seen  in  the 
signature  mode  parameters  given  in  Table  9.1. 

Average  values  of  macroporosity  and  microporosity  for  the 
compacted  samples  are  given  in  Table  9.1.  Macroporosity  and 
microporosity  values  are  also  reported  as  the  percent  of  the 
total  intruded  volume  of  the  samples.  Absolute  value  of 
microporosity  (cc/gm)  of  the  samples  decreases  due  to 
compaction.  The  decrease  in  microporosity  due  to  compaction  is 
higher  in  high-plastic  soils  (A-7-6,  A-7-5,  and  A-6)  and 
smaller  in  the  soils  with  smaller  clay  fraction.  For  example, 
soil  A-4  (CL)  has  practically  no  change  in  the  microporosity 
due  to  compaction.  This  is  generally  due  to  the  reduction  of 
pores  and  due  to  the  progressive  shifting  of  larger  pores 
towards  smaller  pores.  Average  microporosity  of  compacted 
samples,  as  a  percent  of  the  total  compacted  intrusion,  is 
significantly  larger  compared  to  the  uncompacted  samples  as 
given  in  Table  9.1.  This  indicates  that  compaction  eliminates 
a  majority  of  macroporosity  and  most  of  the  pores  in  a 
compacted  soil  belong  to  the  micropore  zone. 

Effect  of  compaction  on  the  fabric  of  different  soil 
classes  can  be  studied  by  plotting  the  pore-size  curves  on  a 
single  plot.  Pore-size  curves  for  different  soil  classes  at 
their  respective  optimum  molding  water  contents  are  shown  in 
Figure  9.9.  Comparison  of  cumulative  curves  at  optimum  water 
content  with  curves  in  Figure  9.1  (uncompacted)  shows  that 
there  is  a  significant  decrease  in  the  total  intruded  volume 
for  all  the  soil  types.  Also  there  is  a  significant  decrease 
in  the  macropore  peak  intrusion.  In  most  of  the  samples, 
except  Washington  (A-4)  soil,  the  macropore  peaks  are  totally 
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eliminated  by  compaction.  Another  important  observation  is  the 
change  of  the  slope  of  the  differential  curves  between  pore 
diameter  1  and  10  microns.  Pore  frequency  from  10  to  1  micron 
of  uncompacted  samples  slopes  downward  as  shown  in  Figure  9.1. 
Compaction  reverses  the  corresponding  slope  as  shown  in  Figure 
9.9.  This  upward  movement  of  frequency  is  caused  by  the 
shifting  of  the  larger  pores  towards  the  finer  pores.  The 
upward  movement  for  A-7-6,  A-7-5,  and  A-6  soils  continues  up 
to  the  signature  mode  without  altering  the  position  of  the 
signature  mode.  Hence,  compaction  contributes  to  a  significant 
reduction  in  the  macroporosity  and  causes  progressive  movement 
of  the  larger  pores  towards  the  finer  pores,  without  affecting 
microporosity  significantly. 

9.4  Field  Compacted  Fabric 

Field  compacted  fabrics  of  the  soils  from  all  the  sites 
were  determined  from  the  samples  collected  for  resilient 
modulus  testing  using  Shelby  tubes.  Similar  to  the  laboratory 
studies,  pore-size  samples  for  field  fabric  studies  were 
obtained  from  the  samples  after  performing  the  resilient 
modulus  tests.  Pore-size  tests  were  repeated  at  least  once  to 
account  for  the  variability.  Pore-size  curves  for  field 
compacted  samples  were  reduced  to  represent  microporosity  and 
macroporosity . 

Laboratory  compacted  fabric  showed  that  the  molding  water 
content  has  a  significant  influence  on  the  created  fabric. 
Differences  in  the  fabric  mainly  come  from  the  collapse  of  the 
macropores  and  progressive  shifting  of  the  macropores  towards 
the  finer  pores.  Degree  of  saturation  rather  than  water 
content  may  be  a  better  parameter  to  study  the  variation  of 
compacted  fabric.  Degree  of  saturation  includes  dry  unit 
weight  and  specific  gravity  of  soil  in  addition  to  the  water 
content.  Field  compacted  samples  generally  display  higher 
values  of  specific  gravity,  due  to  the  presence  of  bigger  size 
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particles,  than  those  determined  in  the  laboratory.  Use  of  the 
laboratory  determined  specific  gravity  with  the  field  water 
content  values  may  result  in  a  degree  of  saturation  higher 
than  100  percent.  In  the  absence  of  a  reliable  measurement  of 
specific  gravity  determination  on  each  of  the  field  compacted 
samples,  the  variation  of  the  fabric  is  reported  with  water 
content.  Determination  of  the  field  compacted  pore-size 
distribution  was  performed  by  ignoring  the  presence  of  any 
pebbles  and  by  randomly  selecting  samples  from  the  middle 
third  of  a  resilient  modulus  test  sample. 

Field  compacted  fabric  is  reported  as  the  variation  of 
the  total  intruded  volume,  microporosity,  and  macroporosity 
with  the  water  content.  Water  content  was  measured  at  the  end 
of  the  resilient  modulus  test.  The  water  content  includes  the 
as-compacted  water  content  and  the  subsequent  changes.  Field 
compacted  fabric  results  are  plotted  in  Figures  9.10  through 
9.14.  For  the  purpose  of  comparison,  laboratory  compacted 
results  are  also  given  on  the  same  plots.  Laboratory  results 
on  the  injected  samples  are  also  plotted  in  Figures  9.10 
through  9.14.  In  the  majority  of  the  soil  types  increases  in 
the  post-compacted  water  content  do  not  significantly  change 
the  fabric  of  the  laboratory  compacted  samples.  In  almost  all 
of  the  cases,  water  content  for  the  field  compacted  samples 
was  higher  than  the  highest  values  reported  for  the  laboratory 
compacted  samples.  Results  for  the  different  soil  classes  are 
discussed  below: 

Bedford.  A-7-6  Soil 

Field  compacted  samples  for  the  Bedford  site  have  higher 
water  contents  than  the  laboratory  compacted  samples. 
Comparison  of  the  in-service  and  the  as-compacted  field  data 
with  the  laboratory  compaction  curves  shows  that  almost  all  of 
the  samples  tested  are  on  the  wet  side  of  the  laboratory 
compaction  curves.  There  was  an  increase  in  the  water  content 
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after  the  placement  of  the  subgrade.  Total  intruded  volume  and 
microporosity  of  the  field  compacted  samples  are  higher  than 
those  of  the  laboratory  compacted  samples  as  shown  in  Figure 
9.10.  Also,  there  is  a  larger  difference  between  the  micro  and 
macroporosity  of  the  field  compacted  samples.  The 
macroporosity  of  the  field  compacted  sample  is  relatively 
uniform.  Unlike  laboratory  compacted  samples,  microporosity  of 
the  field  compacted  samples  varies  significantly  from  one 
sample  to  another. 

Bloomington,  A-7-5  Soil 

Pore-size  data  for  the  Bloomington  site  are  shown  in 
Figure  9.11.  Most  of  the  field  compacted  samples  show  higher 
water  content  but  there  is  an  overlap  between  the  laboratory 
and  the  field  water  content.  Water  contents  of  a  few  of  the 
field  samples  have  not  been  changed  significantly  from  its  as- 
compacted  value.  For  all  the  results,  there  is  a  general  trend 
of  decrease  in  the  total  intruded  volume  and  macroporosity 
with  increase  in  the  water  content.  Microporosity  shows  slight 
increase  with  increase  in  the  water  content.  Microporosity  of 
the  field  compacted  samples  is  higher  than  that  of  the 
laboratory  samples. 

Fort  Wayne,  A-6  Soil 

Fabric  data  for  Fort  Wayne  soil  are  given  in  Figure  9.12. 
Water  content  and  dry  density  values  for  the  field  samples  are 
higher  than  the  as-compacted  and  the  laboratory  compacted 
values.  Fort  Wayne  field  compacted  samples  displayed  uniform 
fabric  which  is  less  sensitive  to  water  content  changes.  Fort 
Wayne  field  samples  contain  a  smaller  macroporosity  and  almost 
all  the  macroporosity  values  fall  between  0  and  0.015  cc/gm. 
Majority  of  the  total  porosity  for  the  field  compacted  samples 
resides  in  the  micropores.  This  trend  was  not  observed  in  the 
laboratory  compacted  samples  as  can  be  seen  in  Figure  9.12. 
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South  Bend.  A-4/A-6  Soil 

South  Bend  soil  has  been  compacted  comparatively  recently 
(August  1989)  in  the  field  and  the  water  content  does  not  show 
much  deviation  from  the  as-compacted  value.  Pore-size  data  for 
the  South  Bend  site  show  the  lowest  total  intruded  volume 
among  all  the  soil  types  investigated.  Lower  value  of  the 
total  intrusions  provides  the  highest  dry  unit  weight  (129.5 
pcf,  by  Standard  Proctor  Energy)  among  all  the  soil  classes 
investigated.  Fabric  data  for  the  laboratory  compacted,  and 
the  injected  samples  are  also  plotted  in  Figure  9.13.  It  is 
shown  that  the  increase  in  water  content  after  compaction  does 
not  affect  the  fabric.  Unlike  other  soil  classes,  field 
compacted  sample  for  this  site  shows  lower  macroporosity  and 
higher  microporosity.  This  is  due  to  the  low  plasticity  and 
the  clay  fraction  present  in  the  soil  and  the  collapse  and  the 
progressive  shifting  of  the  macroporosity  during  compaction. 

Washington.  A-4  Soil 

Pore-size  data  for  Washington  soil,  shown  in  Figure  9.14, 
show  much  higher  water  content  values  for  the  field  compacted 
samples.  Study  of  the  inspection  data  reveals  that  there  was 
a  significant  increase  in  water  content  after  compaction. 
Similar  to  South  Bend  soil,  Washington  soil  represents  lower 
microporosity  and  higher  macroporosity  due  to  lower  plastic 
limits  and  clay  fraction  present  in  the  soil.  Macroporosity  in 
the  field  compacted  samples  shows  large  variability  and  the 
majority  of  the  porosity  resides  in  the  micropore  zone. 

9.5  Fabric  and  Resilient  Modulus 

Determination  of  resilient  modulus  of  the  fine-grained 
soils  in  the  laboratory  involves  application  of  repeated 
deviator  stresses.  Externally  applied  forces  are  resisted  by 
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the  rigidity  and  the  structure  of  the  soil  skeleton.  Internal 
forces  are  transferred  at  the  grain  contact  boundaries.  Fabric 
of  the  soil  largely  determines  the  configuration  of  the  soil 
skeleton  and  the  contact  boundaries.  Creation  of  fabric  by 
compaction  is  largely  a  function  of  molding  water  content, 
clay  fraction,  type  of  soil,  and  plasticity. 

Presence  of  water  at  the  grain  contact  boundaries  plays 
an  important  role  in  the  way  soil  respond  to  an  externally 
applied  loading.  On  the  dry  side,  water  mostly  resides  in  the 
micropore  zone  and  is  held  in  capillary  tension  in  the  finer 
pores  at  the  contact  boundaries.  Tension  in  the  capillary 
water  offers  an  additional  resistance  to  the  applied  force. 
As  the  water  content  is  increased,  water  in  the  soil  pore 
structure  moves  to  the  macropore  zone  and  starts  filling 
larger  pores.  As  the  molding  water  content  approaches 
saturation,  most  of  the  pore  space  is  filled  with  water  and 
water  menisci  in  the  finer  pores  loose  capillary  tension. 

Knowledge  about  the  distribution  of  the  macro  and 
microporosity  helps  understand  the  behavior  of  soil  under 
applied  loading.  Distribution  of  porosity  alone  can  not 
explain  the  soil  behavior.  Two  soils  might  have  similar 
distribution  of  porosity  but  a  very  different  distribution  of 
pore  water  resulting  in  a  very  different  response  to  the 
applied  loading. 

Resilient  response  of  a  compacted  soil  can  be  predicted 
by  pore-size  distribution  and  the  water  present  in  the  pore 
structure.  Pore-size  data  alone  can  not  predict  the  response 
of  soil  due  to  the  significant  interaction  of  the  pore 
structure  with  the  molding  water  content.  Regression 
techniques  can  be  used  as  a  tool  to  predict  resilient  modulus 
based  on  the  molding  water  content  and  the  pore-size 
distribution. 

Resilient  modulus  and  pore-size  results  on  the  laboratory 
and  field  compacted  samples  for  different  soil  types  were  used 
for  regression  analysis  using  Statistical  Analysis  System 
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(SAS)  on  IBM  3  090.  The  macroporosity,  microporosity  and  the 
total  intruded  volume  were  used  to  represent  the  pore 
structure  of  the  soils.  Decisions  about  the  inclusion  of  the 
independent  parameters  in  the  regression  equations  was  made  by 
using  stepwise  regression.  Stepwise  regression  gives  the 
coefficients  of  determination  (R2)  for  the  different 
combinations  of  the  independent  parameters.  Different 
combinations  of  the  variables  with  higher  R2  values  were  used 
in  a  further  attempt  to  improve  the  coefficient  of 
determination.  The  following  regression  equations  were 
developed  for  two  soil  classes: 

For  Bedford  (A-7-6)  soil  (R2  =   0.833): 

MR  =   121.465  -  3.743  (wc)    -  474.939  (mic)  .g  1} 

-35.525  (totint)    +0.525  (mic)  (wc)2 


For  Bloomington  (A-7-5)  soil  (R2   =  0.798): 

MR  =   98.118  -  2.391  (wc)  -  535.388  (mic)  .      2) 

+  30.816  (totint)  -0.336  (mic)    (wc)2 

where  MR  is  a  predicted  resilient  modulus  (ksi) ;  wc  is  molding 
water  content  (percent) ;  mic  is  microporosity  (cc/gm) ;  totint 
is  total  intrusion  (cc/gm) . 


Regression  equations  for  the  other  soil  types  (A-6,  A- 
4/A-6,  and  A-4)  could  not  give  a  coefficient  of  determination 
higher  than  about  0.60.  Interaction  between  the  molding  water 
content  and  the  microfabric  of  soils  with  high  clay  fraction 
can  be  observed  in  the  above  regression  equations.  Reliable 
prediction  of  resilient  modulus  in  terms  of  the  molding  water 
content  and  pore-size  can  only  be  done  for  soils  with  higher 
clay  fraction. 

In  order  to  study  the  effect  of  the  clay  fraction  on  the 
resilient  modulus,  modulus  values  for  different  soil  classes 
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at  optimum  water  content,  about  one  percent  dry  of  optimum, 
and  about  one  percent  wet  of  optimum  were  determined. 
Variation  of  resilient  modulus  with  clay  content  is  given  in 
Figure  9.15.  The  dry  side  resilient  modulus  values  are  much 
higher  than  the  optimum  and  wet  side  values.  For  the  soils 
with  higher  clay  fractions,  difference  between  the  optimum  and 
the  wet  side  resilient  modulus  is  not  significant.  Effect  of 
the  clay  fraction  on  the  resilient  modulus  values  increases  as 
the  molding  water  content  of  the  soils  are  increased.  For  dry 
side  compaction  the  effect  of  the  clay  fraction  on  the 
resilient  modulus  is  relatively  small  due  to  existence  of  less 
water  in  the  micropores.  Figure  9.15  also  suggests  that 
changes  in  the  clay  fraction  in  the  soils  with  higher  fraction 
of  clay  has  greater  influence  on  the  modulus  values, 
particularly  at  higher  water  contents. 

9.6  Replication  of  Field  Compacted  Fabric 

Based  on  the  pilot  study  (Section  8)  on  the  medium 
plastic  clay  (A-6) ,  a  match  between  the  laboratory  and  field 
compacted  fabric  for  the  soils  included  in  the  present  study 
can  be  determined.  The  pilot  study  included  different  molding 
water  contents,  compaction  energies,  and  compaction  methods 
for  both  the  laboratory  and  the  field  compaction.  For  the 
present  study,  each  site  has  a  target  value  of  water  content 
and  is  compacted  with  specific  equipment  with  a  certain  number 
of  passes  to  achieve  the  specified  value  of  dry  density. 
Results  of  the  pilot  study  can  be  used  as  a  guide  to  arrive  at 
a  laboratory  compaction  method  that  will  replicate  the  field 
compacted  fabric. 

Replication  analyses  on  the  medium  plastic  clay  (A-6) 
suggested  that  dry  side  compaction  with  energies  less  than  the 
Standard  Proctor  is  less  likely  to  simulate  the  field 
compacted  fabric.  Extending  these  findings,  fabric  studies  for 
laboratory  compaction  were  mainly  performed  at  the  Standard 
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Proctor  energy  to  cover  the  entire  range  of  molding  water 
contents.  Further,  laboratory  compaction  using  Modified 
Proctor  energies  at  about  optimum  water  contents  was  also 
performed. 

As  shown  in  Figures  9.16  through  9.20,  field  compacted 
fabrics  show  a  higher  variability  than  the  laboratory 
compacted  fabric  shown  in  Figures  9.4  through  9.8.  High 
variability  in  the  field  compacted  fabrics  is  mainly  due  to 
the  non-uniformity  in  the  as-compacted  water  contents  and 
compaction  energies. 

Field  compacted  fabric  for  the  Bedford  site  shows  high 
variability  in  the  total  intruded  volume,  and  the 
microporosity  is  relatively  uniform  compared  to  the  large 
variation  in  the  macroporosity  as  shown  in  Figure  9.16. 
Laboratory  compacted  samples  at  about  one  percent  wet  of 
optimum  using  Standard  Proctor  energy  give  a  closer  match  to 
the  field  fabric  data  shown  in  Figure  9.16.  Application  of  the 
Modified  Proctor  energy  improves  the  comparison  in  the 
macropore  zone  but  the  total  intruded  volume  disagrees 
considerably  with  the  field  compacted  fabric.  Hence,  it  is 
concluded  that  the  laboratory  impact  compaction  at  Standard 
Proctor  energy  and  at  about  1  percent  wet  of  optimum  water 
content  gives  a  comparable  match  with  the  field  compacted 
fabric  for  the  Bedford  site. 

Similar  to  the  Bedford  site,  the  Bloomington  site  shows 
uniformity  in  the  macropore  zone  and  large  variability  in  the 
micropore  zone  for  the  pore-size  data  on  the  field  compacted 
samples  shown  in  Figure  9.17.  Unlike  the  Bedford  site,  there 
is  a  sudden  decrease  in  the  total  intruded  volume  beyond  a 
certain  value  of  water  content.  The  dry  and  the  wet  side 
compaction  create  distinctly  different  pore-size  curves  as 
shown  in  Figures  9.5  and  9.17.  Laboratory  compaction  at  about 
1.5-2  percent  wet  of  optimum  using  Standard  Proctor  energy 
gives  a  comparable  match  for  the  Bloomington  field  fabric 
shown  in  Figure  9.17.  As  shown  in  Figure  9.17,  application  of 
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Figure  9.16  Replication  of  Bedford  Field  Compacted  Fabric 
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the  Modified  Proctor  energy  does  not  improve  the  match  between 
the  field  and  laboratory  compacted  fabric. 

Pore-size  curves  for  the  field  compacted  fabric  for  the 
Fort  Wayne  site  are  shown  in  Figure  9.18.  Variability  in  the 
pore-size  data  for  the  Fort  Wayne  site  increases  towards  the 
finer  pore  diameters  as  shown  in  Figure  9.18.  However, 
compared  to  the  Bedford  and  Bloomington  sites,  the  Fort  Wayne 
site  shows  smaller  variability  in  the  pore-size  data. 
Comparable  laboratory  match  representing  compaction  at  about 
optimum  water  content  and  Standard  Proctor  energy  is  also 
shown  in  Figure  9.18.  Increasing  compaction  energy  to  Modified 
Proctor  results  in  a  slight  decrease  in  the  total  intruded 
volume.  Laboratory  compacted  fabric,  using  Standard  Proctor 
energy,  at  about  optimum  water  content  is  considered  as  a 
match  for  the  field  compacted  fabric  for  the  Fort  Wayne  site. 

The  South  Bend  site  shows  the  minimum  total  intruded 
volume  among  all  the  five  sites  considered  in  the  present 
study.  The  smaller  total  intruded  volume  for  this  site  results 
in  the  highest  maximum  dry  density  at  the  optimum  water 
content.  Clay  fraction  (30%)  and  Plasticity  Index  (7)  for  the 
South  Bend  soil  are  comparatively  low.  Comparable  laboratory 
compacted  matches  shown  in  Figure  9 . 19  show  a  higher 
macroporosity  with  respect  to  the  field  compacted  samples.  An 
increase  in  the  compactive  effort  does  not  reduce  the 
macroporosity  to  the  level  of  the  field  compacted  fabric. 
Examination  of  the  laboratory  compacted  pore-size  data  in 
Figure  9.7  shows  that  the  dry  and  the  wet  side  compacted 
fabric  fall  in  a  comparatively  narrow  band  suggesting  that 
molding  water  content  does  not  change  macroporosity 
effectively.  Based  on  these  observations,  it  is  concluded  that 
the  macroporosity  of  the  laboratory  compacted  South  Bend 
sample  is  not  reduced  to  the  field  compacted  level.  Laboratory 
compaction  using  Standard  Proctor  energy  at  about  one  percent 
wet  of  optimum  gives  a  closer  match,  compared  to  the  other 
laboratory  compacted  samples,  with  the  field  compacted  fabric. 
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Similar  to  the  South  Bend  site,  Washington  site  shows  a  higher 
macroporosity  for  the  laboratory  compacted  samples.  In 
addition,  the  total  intruded  volume  for  the  laboratory 
compacted  best  match  is  higher  than  almost  all  of  the  field 
compacted  values  shown  in  Figure  9.20.  Similar  to  the  South 
Bend  site,  laboratory  compacted  samples  for  the  Washington 
site  are  also  insensitive  to  molding  water  content  and 
compaction  energy.  This  is  partly  due  to  relatively  lower 
values  of  clay  fraction  (20%)  and  Plasticity  Index  (9)  at  the 
Washington  site  (Table  9.1).  Modified  Proctor  energy  gives  a 
slightly  better  match  in  the  macropore  zone  but  the  difference 
between  the  fabrics  created  with  the  Standard  and  the  Modified 
Proctor  vanishes  in  the  micropore  zone.  Data  on  the  South  Bend 
and  Washington  sites  suggest  that  a  comparative  fabric  match 
for  soils  with  a  decreasing  percent  of  clay  content  and 
Plasticity  Index  shows  larger  differences  between  the 
laboratory  and  the  field  compacted  matches.  Considering  the 
differences  shown  in  Figure  9.20,  the  Washington  field 
compacted  samples  cannot  be  considered  as  a  satisfactory  match 
for  the  field  compacted  fabric. 

In  summary,  for  the  majority  of  the  sites,  replication  of 
the  field  compacted  fabric  can  be  achieved  by  preparing 
laboratory  samples  using  Standard  Proctor  energy  and  water 
contents  ranging  from  optimum  to  1-2  percent  wet  of  optimum. 
However,  the  degree  of  agreement  between  the  matched  fabrics 
decreases  as  the  clay  fraction  present  in  a  soil  decreases.  In 
other  words,  matching  of  the  fabric  of  soils  with  a  smaller 
fraction  of  clay  is  relatively  less  reliable  using  the 
suggested  laboratory  replication  method. 

9.7  Concluding  Remarks 

Findings  based  on  the  experimental  studies  on  the  fabric 
and  resilient  modulus  of  the  laboratory  and  field  compacted 
samples  are  summarized  as  follows: 
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(a)  Fabric  of  an  uncompacted  soil  can  be  used  to 
characterizes  inherent  soil  properties  such  as  clay 
fraction,  plasticity,  and  the  maximum  attainable  dry  unit 
weight  at  certain  energy  level; 

(b)  From  the  fabric  point  of  view,  compaction  can  be 
defined  as  a  process  which  mainly  reduces  the  frequency  of 
the  macropores  and  progressively  shifts  the  macropores 
towards  the  finer  pores; 

(c)  Microporosity  of  the  high  plastic  soils  (A-7-6,  A-7-5) 
practically  remains  unchanged  with  the  molding  water 
content; 

(d)  Fabric  and  pore  water  (molding  +  post  compacted 
changes)  can  be  used  to  predict  the  resilient  behavior  of 
soil; 

(e)  Increase  in  water  content  after  construction  does  not 
affect  the  as-compacted  fabric  but  reduces  the  resilient 
modulus.  It  is  important  to  minimize  any  increase  in  water 
content  of  a  subgrade  to  prevent  decrease  in  the  resilient 
modulus  value.  Variation  of  resilient  modulus  with  the 
increase  in  water  content  after  construction  is  covered  in 
Section  5; 

(f)  Use  of  the  fabric  parameters  for  the  prediction  of 
resilient  modulus  can  only  be  done  for  soils  with  high 
plasticity.  The  reliability  of  the  predicted  resilient 
modulus  decreases  for  soils  with  smaller  clay  fraction; 

(g)  Fabric  parameters  alone  cannot  predict  resilient 
response  of  a  soil  to  the  applied  loading.  Location  and 
amount  of  pore  water  are  important  factors  needed  to  be 
incorporated  for  this  prediction; 

(h)  Fabric  and  pore  water  can  not  reliably  predict  behavior 
of  soil  with  smaller  clay  fraction  or  soils  with  low 
plasticity; 

(i)  For  the  majority  of  the  soils— particularly  for  soils 
with  high  clay  fraction-^the  field  compacted  fabric  can  be 
replicated  by  preparing  laboratory  samples  using  Standard 
Proctor  energy  and  water  contents  at  about  optimum  and  1-2 
percent  wet  of  optimum. 
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10.  DEVELOPMENT  OF  SIMPLIFIED  DESIGN  PROCEDURE 
10.1  Introduction 

Evaluation  of  resilient  response  on  each  component  of 
pavement  system  is  required  for  analysis  and  design  of  the 
pavement  structure.  Resilient  response  of  pavement  materials 
generally  can  be  determined  by  repeated-load  triaxial  test  in 
the  laboratory.  For  this  test,  expensive  equipment  and  data 
acquisition  system  are  required  and  the  testing  procedure  is 
time-consuming.  It  is,  therefore,  valuable  to  develop 
empirical  correlations  between  MR  and  parameters  which  can  be 
obtained  with  ease  from  simple  routine  test. 

Previous  prediction  equations  for  MR  on  cohesive  soils 
were  mainly  based  on  index  properties,  moisture  content,  dry 
density,  degree  of  saturation,  matrix  suction,  clay  content, 
CBR  value,  and  R  value.  Most  of  these  equations  were  developed 
from  test  results  on  specimens  compacted  in  the  laboratory  and 
they  may  only  be  used  for  estimating  as-compacted  resilient 
modulus.  For  many  of  these  equations,  the  stress  level 
corresponding  to  estimated  resilient  modulus  is  not  clear.  Few 
attempts  have  been  made  to  include  the  effects  of  confining 
stress  and  changes  of  condition  after  construction. 

Previous  studies  on  resilient  response  of  granular  soils 
indicated  the  state  of  stress  as  the  most  important  factor 
affecting  resilient  modulus.  Since  the  effects  of  density, 
degree  of  saturation,  and  gradation  on  resilient  response  of 
granular  soil  appears  not  significant,  compared  with  state  of 
stresses,  few  attempts  to  include  these  factors  into 
prediction  equations  have  been  made  by  previous  researchers. 
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It  is  not  possible  to  offer  single  magnitudes  for 
resilient  modulus,  soil  by  soil,  since  there  are  too  many 
interacting  variables.  This  study  offers  a  procedure  with 
which  a  resilient  modulus  may  be  determined  for  a  given  soil 
created  in  a  given  manner  and  subjected  to  specific 
environmental  conditions.  The  procedure  is  based  on  unconfined 
compression  test  data.  Influence  of  change  in  water  content 
after  construction  and  freeze-thaw  on  the  resilient  modulus 
can  also  be  estimated  from  the  proposed  procedure.  Also 
developed  is  the  procedure  to  estimate  the  resilient  modulus 
for  different  levels  of  confining  stress  and  repeated  deviator 
stress.  Prediction  eguation  and  design  charts  for  resilient 
modulus  for  dune  sand  are  developed,  based  on  state  of 
stresses  and  dry  density.  Seasonal  moduli  estimated  from 
proposed  procedures  are  then  incorporated  into  1986  AASHTO 
Guide  to  establish  an  effective  roadbed  soil  resilient 
modulus. 

10.2  Procedure  for  Cohesive  Soil 

10.2.1  Newly  Constructed  Pavement 

In  the  design  stage  for  new  pavement,  the  data  available 
for  the  subgrade  are  probably  the  specified  range  of 
compaction  conditions  and  the  plan  for  earthwork.  Therefore, 
the  procedure  for  estimation  of  the  resilient  modulus  must  be 
based  on  the  specified  compaction  conditions  or  on  the  test 
results  from  laboratory  compacted  soil.  Since  the  moisture 
condition  of  as-compacted  subgrade  is  expected  to  change  and 
approach  an  equilibrium  water  content  after  some  time,  it  is 
necessary  to  estimate  the  equilibrium  water  content  and  the 
corresponding  resilient  modulus. 

For  preliminary  evaluation,  as-compacted  resilient 
modulus  can  be  determined  from  the  contour  of  resilient 
modulus  by  specifying  the  desired  range  of  water  content  and 
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dry  density.  As  shown  in  Figures  4.24  and  4.25,  resilient 
modulus  contours  for  laboratory  compacted  South  Bend  and 
Washington  soils  have  been  developed  in  present  study  as  an 
example  of  what  is  possible.  Estimation  of  resilient  modulus 
from  such  curves  would  be  very  convenient  if  they  were 
available  for  the  given  soil.  However,  contours  of  resilient 
modulus  are  dependent  on  soil  type  and  manner  of  compaction; 
and  development  of  these  contours  requires  resilient  modulus 
tests  on  at  least  16  to  20  specimens  compacted  at  different 
water  contents  and  with  several  levels  of  compactive  efforts. 
Since  there  is  the  possibility  that  the  line  of  optimums  for 
laboratory  and  field  compaction  are  different,  a  direct  use  of 
the  resilient  modulus  contours  developed  by  laboratory 
compaction  can  cause  significant  error  in  the  estimated  as-  [ 
compacted  resilient  modulus. 

Because  of  difficulties  in  developing  the  contour  of 
field  resilient  modulus,  another  procedure  to  estimate  as- 
compacted  resilient  modulus  has  been  developed;  a  relationship 
has  been  found  between  resilient  modulus  and  the  stress 
causing  1  percent  axial  strain  in  an  unconfined  compression 
test.  Once  the  relationship  between  MR  and  Sui0»  is  developed, 
the  resilient  modulus  is  estimated  from  the  unconfined 
compression  test  result  from  the  specimen;  either  laboratory 
compaction  may  be  used  to  create  the  specimen  having  similar 
field  compacted  fabric  or  the  specimen  may  be  sampled  from  a 
test  embankment. 

The  analysis  on  pore-size  distribution  data  shows  that 
the  field  soil  fabric  is  replicated  by  laboratory  impact 
compaction  at  about  1  percent  wet  of  optimum  for  Bedford,  at 
about  1.5  to  2  percent  wet  of  optimum  for  Bloomington,  and  at 
about  optimum  for  Fort  Wayne  soil  using  Standard  Proctor 
energy.  Field  fabric  of  South  Bend  soil  can  be  replicated 
using  laboratory  impact  compaction  with  Standard  Proctor 
energy  and  water  content  between  optimum  and  1  percent  wet  of 
optimum.  Laboratory  impact  compaction  with  Standard  Proctor 
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energy  and  at  water  content  close  to  optimum  may  be  considered 
as  a  match  for  Washington  soil.  However,  there  are 
comparatively  larger  differences  for  the  replicated  fabric  for 
the  Washington  soil.  Based  on  this  results,  a  criterion  on 
laboratory  compaction  for  replicating  field  soil  fabric  is 
suggested  in  Table  10.1. 


Table  10.1   Laboratory  Compaction  Criteria  for 

Replication  of  Field  Compacted  Fabric 


Site 

Laboratory  Compaction  Method 

South  Bend 

Impact  compaction  at  OMC  to  1%  wet  of 
OMC  with  Standard  Proctor  energy 

Fort  Wayne 

Impact  compaction  at  about  OMC  with 
Standard  Proctor  energy 

Washington 

Impact  compaction  at  about  OMC  with 
Standard  Proctor  energy* 

Bedford 

Impact  compaction  at  about  1%  wet  of 
OMC  with  Standard  Proctor  energy 

Bloomington 

Impact  compaction  at  about  1.5-2%  wet 
of  OMC  with  Standard  Proctor  energy 

Larger  differences  exist  between  the  replicated  fabric 


In  this  study,  the  relationship  between  MR  and  Sul  0% 
applicable  to  all  five  sites  has  been  developed  and  it  may  be 
used  for  estimation  of  as-compacted  resilient  modulus: 


^=-1599  .66+833  .  83SUI  0%-6  .  9683Sul>0%2 


(4.8) 


where  MR  is  the  resilient  modulus  (psi)  at  a, =  3  psi  and  ad=6 
psi;  and  Sul  0,  is  the  stress  (psi)  causing  1  percent  strain  in 
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the  unconfined  compression  test  on  the  specimen  compacted  in 
the  laboratory  with  the  specified  water  content  and  compactive 
effort  in  Table  10.1.  Since  the  relationship  between  MR  and 
sui.o*  is  only  slightly  different  between  laboratory  compacted 
soil  and  field  compacted  soil,  the  use  of  Equation  4.8  causes 
a  negligible  error  in  predicted  as-compacted  resilient  modulus 
for  the  field  condition. 

The  following  steps  are  recommended  to  estimate  the 
resilient  modulus  for  new  construction  of  pavement: 

1.  Determine  the  range  of  water  content  and  dry  density  to  be 
achieved  in  the  field,  based  on  the  requirements  in  the 
specification; 

2.  Compact  disturbed  soil  in  2.8-inch  diameter  and  at  least 
5.6-inch  high  mold,  following  the  criteria  given  in  Table 
10.1.  If  test  embankment  is  constructed,  sample  the  specimen 
by  pushing  a  Shelby  tube; 

3.  Perform  the  unconfined  compression  test  with  a  strain  rate 
of  1  percent  per  minute.  Calculate  the  stress  in  psi  at  1 
percent  axial  strain  (Sul0%)  ; 

4.  Determine  as-compacted  MR  using  Equation  4.8; 

5.  Estimate  the  resilient  modulus  at  equilibrium  water 
content  by  the  procedure  described  in  Section  10.3.  This 
estimated  resilient  modulus  is  the  in-service  MR  for  normal 
condition  of  subgrade  (MrjJ  ; 

6.  Estimate  the  resilient  modulus  after  thawing  (MRT)  by  the 
procedure  described  in  Section  10.4; 

7.  Estimate  the  resilient  modulus  for  frozen  subgrade  (Mrf) 
by  the  procedure  described  in  Section  10.5; 

8.  The  in-service  resilient  modulus,  Mrn,  is  then  obtained 
from  step  5,  or  as  MRT  obtained  in  step  6,  or  as  M^  obtained 
in  step  7  for  conditions  present  at  the  time  in  the  life  of 
the  subgrade  being  considered; 

9.  Estimate  the  MR  values  for  each  month  following  the 
procedure  described  in  Section  10.6; 

10.  Seasonal  moduli  estimated  from  the  above  steps  are,  then, 
incorporated  into  1986  AASHTO  Guide  to  establish  an  effective 
resilient  modulus. 
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10.2.2  Reconstructed  Pavement 

For  the  reconstruction  of  existing  pavement,  undisturbed 
samples  can  be  obtained  from  the  in-service  subgrade; 
therefore,  the  procedure  for  estimation  of  the  resilient 
modulus  developed  is  based  on  the  unconfined  compression  test 
result  from  undisturbed  sample.  Since  the  in-service  subgrade 
is  expected  to  have  been  subjected  to  change  in  its  moisture 
condition,  the  MR  determined  from  undisturbed  in-service 
sample  may  be  considered  as  an  equilibrium  resilient  modulus. 

The  relationship  between  MR  and  Sul  09  for  field  compacted 
soils  from  five  different  sites  was  expressed  by  a  single 
unified  relationship  which  seems  applicable  to  any  soil  type. 
The  following  equation  can  be  used  for  estimation  of  resilient 
modulus  if  an  unconfined  compression  test  is  performed  on  the 
undisturbed  specimen  obtained  from  subgrade: 

AfJ?=-1599.66-t-833.83SUI-0%-6.96  835ui0%2         (4.8) 

where  MR  is  the  resilient  modulus  at  cr3=3  psi  and  ad=6  psi 
(psi)  ;  and  Sul0$  is  the  stress  causing  1  percent  strain  in  the 
unconfined  compression  test  on  undisturbed  specimen  obtained 
from  the  subgrade. 

The  following  steps  are  recommended  for  estimation  of 
resilient  modulus  for  the  pavement  to  be  reconstructed: 

1.  Sample  existing  subgrade  by  pushing  a  Shelby  tube,  and 
bring  the  sealed  tube  to  the  laboratory; 

2.  Cut  the  Shelby  tube  and  trim  a  specimen  of  about  5.6  to  6 
inch  height; 

3.  Perform  the  unconfined  compression  test  with  a  strain  rate 
of  1  percent  per  minute.  Calculate  the  stress  in  psi  causing 
1  percent  axial  strain  (Sul0%)  ; 

4.  Determine  the  resilient  modulus  (M^)  using  Equation  4.8; 

5.  Estimate  the  resilient  modulus  after  thawing  (MRT)  by  the 
procedure  described  in  Section  10.4; 

6.  Estimate  the  resilient  modulus  for  frozen  subgrade  (MK1.) 
by  the  procedure  in  Section  10.5; 
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7.  In-service  resilient  modulus,  M^,  is  then  obtained  in 
step  4,  or  as  MRT  obtained  in  step  5,  or  as  M^,  obtained  in 
step  6  for  conditions  present  at  the  time  in  the  life  of  the 
subgrade  being  considered; 

8.  Estimate  the  MR  values  for  each  month  following  the 
procedure  described  in  Section  10.6; 

9.  Seasonal  moduli  estimated  from  above  steps  are,  then, 
incorporated  into  1986  AASHTO  Guide  to  establish  an  effective 
resilient  modulus. 


10.3  Procedure  for  Cohesive  Soil  Subjected  to  Change  in  Water 
Content  after  Construction 


The  moisture  condition  of  newly  constructed  subgrade 
changes  after  construction  and  is  expected  to  approach  an 
equilibrium  after  some  time.  The  MR  at  equilibrium  can  be 
considered  as  in-service  MR  for  normal  condition  of  subgrade 
(M^)  .  In  order  to  predict  the  decrease  in  MR  due  to  the 
increase  in  water  content  after  construction,  a  simplified 
procedure  was  developed.  The  results  are  based  on  the 
laboratory  test  results  reported  in  Section  5.3.  However,  it 
should  be  noted  that  further  research  is  required  to  study  the 
influence  of  change  in  subgrade  moisture  conditions  on 
resilient  behavior. 

The  moisture  condition  of  the  subgrade  is  affected  by 
climate,  permeability  through  the  pavement  profile,  soil- 
moisture  characteristics,  type  of  ground  cover  and  surrounding 
vegetation,  the  local  topography,  surface  runoff  from  the 
pavement,  free  water  table  position,  and  pavement  edge 
conditions.  A  reliable  estimation  of  equilibrium  moisture 
condition  may  be  obtained  by  the  programs  developed  by  Dempsey 
and  Elzeftawy  (1977)  or  Espinoza  et  al.  (on-going  JHRP 
project) .  The  use  of  these  models  requires  the  soil-moisture 
characteristic  curve  and  extensive  input  parameters.  Since  it 
is  time  consuming  and  not  easy  to  obtain  the  soil-moisture 
characteristic  curve,  those  for  each  site  were  prepared  by 
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using  the  pore-size  distributions  of  the  field  compacted 
samples,  as  shown  in  Figures  10.1  through  10.5.  These  Figures 
also  provide  the  variation  of  resilient  modulus  with  the 
moderate  increase  in  water  content.  These  results  are  based  on 
tests  performed  on  small  samples  (about  1  cubic  cm)  and  may 
not  adequately  represent  actual  subgrade  moisture  conditions. 
Details  about  the  prediction  of  the  moisture  characteristic 
curve  from  the  pore-size  data  can  be  found  in  Prapaharan  et 
al.  (1985) .  Water  content  corresponding  to  the  100  percent 
saturation  for  a  site  may  vary  considerably  due  to  the 
inherent  variability  in  the  field  compacted  subgrade.  To 
account  for  different  values  of  the  saturation  water  content, 
three  moisture  characteristic  curves  are  provided  for  each 
site. 

For  five  sites  examined  in  this  study,  it  was  found  that 
the  subgrade  soils  approach  90  to  100  percent  saturation, 
regardless  of  the  as-compacted  condition.  Therefore,  if  a 
reliable  method  for  estimation  of  the  equilibrium  subgrade 
condition  is  not  available,  the  equilibrium  water  content  may 
be  assumed  as  that  corresponding  to  the  degree  of  saturation 
between  90  to  100  percent  as  estimated  in  Table  10.2. 

The  following  steps  are  suggested  to  estimate  the  change 
in  resilient  modulus  due  to  the  increase  in  the  water  content 
after  construction: 

1.  Estimate  the  equilibrium  water  content  of  the  subgrade. 
This  can  be  done  by  using  the  programs  developed  by  Dempsey 
and  Elzeftawy  (1977)  or  Espinoza  et  al.  (on-going  JHRP 
project) .  If  these  programs  are  not  available,  make  a  best 
estimate  of  equilibrium  water  content  for  range  between  90  to 
100  percent  degree  of  saturation; 

2.  Determine  the  reduction  of  resilient  modulus  corresponding 
to  the  increase  in  water  content,  using  the  relationship 
between  AMR  and  Aw/c  given  in  Figures  10.1  to  10.5.  The 
resilient  modulus  at  the  equilibrium  condition  (M,^)  is  the 
as-compacted  MR  minus  AMR.  As-compacted  MR  is  determined  in 
step  4  of  Section  10.2.1  or  10.2.2  as  appropriate  for  the  case 
considered; 
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Figure  10.1    Moisture  Characteristic  Curve  and  Relationship 

Between  AMR  and  Aw/c  for  South  Bend  Site 
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Moisture  Characteristic  Curve  and  Relationship 
between  AMR  and  Aw/c  for  Fort  Wayne  Site 
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Moisture  Characteristic  Curve  and  Relationship 
between  AMR  and  Aw/c  for  Bedford  Site 
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Moisture  Characteristic  Curve  and  Relationship 
between  AMR  and  Aw/c  for  Bloomington  Site 
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3 .  When  the  difference  in  water  content  between  the 
equilibrium  and  as-compacted  condition  is  larger  than  2.5 
percent  or  when  the  soil  is  different  from  those  considered  in 
this  study,  develop  the  relationship  between  AMR  and  Aw/c. 
Compact  three  or  four  identical  specimens  in  the  laboratory 
following  the  procedure  outlined  in  Section  10.2.1.  Increase 
water  content  of  specimens  by  back-pressure  saturation 
technique  with  different  saturating  period,  and  perform 
unconfined  compression  tests.  Calculate  MR  from  Sul  0%  using 
Equation  4.8  and  develop  the  relationship  between  MR  and  Aw/c. 
Then,  estimate  Km  at  the  equilibrium  water  content  following 
step  1  and  2 . 


10c 4  Procedure  for  Frozen-Thawed  Cohesive  Soil 

The  most  critical  time  throughout  year  for  the  pavement 
structure  is  the  Spring  thaw  season  because  the  freeze-thaw 
causes  a  significant  decrease  in  subgrade  resilient  modulus. 
In  order  to  predict  thawed  resilient  modulus,  the  relationship 
between  thawed  MR  and  the  Sul0%  for  field  compacted  soils  from 
five  sites  is  expressed  by  an  unified  equation.  Since  the 
addition  of  extra  terms  in  the  prediction  equation  improves 
the  predictability  only  slightly,  the  following  simple 
equation  is  recommended  for  practical  use: 

7*^=2453.  48+130.  24SUI.0%  (5.3) 

where  MRT  is  the  thawed  resilient  modulus  at  a3=3  psi  and  ad=6 
psi  (psi)  ;  and  Su,  0%  is  the  stress  causing  1  percent  strain  in 
an  unconfined  compression  test  performed  before  the  freeze- 
thaw  of  the  specimen  (psi) .  This  equation  may  be  used  for  both 
as-compacted  and  in-service  conditions. 

It  should  be  noted  that  Sul  0%  is  obtained  from  the 
unconfined  compression  test  performed  before  freeze-thaw  while 
MRT  is  measured  after  freeze-thaw.  Therefore,  Equation  5.3 
already  includes  the  effect  of  freeze-thaw  on  the  resilient 
modulus.  The  procedure  proposed  is  only  adequate  for  the 
situation  in  which  there  occurs  no  change  in  water  content 
during  the  freeze-thaw  process  since  it  is  based  on  the 
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results  of  closed-system  freeze-thaw  test.  If  the  estimated 
resilient  modulus  of  thawed  soil  is  larger  than  that  of  non 
freeze-thaw  soil,  the  latter  should  be  used  as  the  thawed 
resilient  modulus  in  the  design  process. 

If  it  is  possible  to  obtain  an  undisturbed  specimen  from 
thawed  subgrade,  the  thawed  resilient  modulus  can  be  obtained 
by  substituting  the  magnitude  of  Su1  QX  obtained  from  that 
specimen  into  the  Equation  4.8. 

10.5  Procedure  for  Frozen  Cohesive  Soil 

It  was  shown  in  Section  5.4  that  the  resilient  modulus  of 
frozen  cohesive  soil  is  independent  of  the  repeated  deviator 
stress.  Five  specimens  from  three  sites  showed  approximately 
identical  resilient  modulus  though  they  had  wide  range  of 
Sui.o%'  wate*"  content  and  dry  density;  a  specimen  from  the 
Washington  site  showed  a  higher  modulus  than  the  other  soils. 
Therefore,  the  resilient  modulus  is  considered  constant  for 
deviator  stress  ranging  from  1  psi  to  10  psi,  and  the 
recommended  resilient  modulus  for  frozen  subgrade  (MRF)  for 
each  site  is  presented  in  Table  10.2. 


Table  10.3 


Resilient  Modulus  for  Frozen  Soils  and 
Estimate  of  Water  Contents  after  Construction 


Sites 

MrF  (psi) 

As-compacted 

Estimate  of 

opt.  w/c,  % 

W/C 

at 

S„  =  90 

S„  =  95% 

South  Bend 

27000 

9.8 

10.8 

11.4 

Fort  Wayne 

27000 

16.8 

17.2 

18.2 

Washington 

46000 

15.0 

16.4 

17.4 

Bedford 

27000 

19.5 

20.0 

21.1 

Bloomington 

27000 

23.0 

23.9 

25.3 

According  to  previous  studies  by  Johnson  et  al.  (1979),  the 
resilient  modulus  of  frozen  soil  is  a  function  of  temperature. 
Table  10.2  corresponds  to  temperature  data  estimated  as  bounds 
for  Indiana  locations.  Therefore,  further  study  is  necessary 
to  investigate  the  change  of  resilient  modulus  of  typical 
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soils  in  Indiana.  It  is  also  necessary  to  establish  the  data 
base  on  the  variation  of  temperature  beneath  the  pavement 
structure . 

10.6  Seasonal  Variation  of  Resilient  Modulus 

Since  environmental  conditions  vary  in  the  subgrade 
season  by  season  through  the  year,  it  is  necessary  to 
determine  subgrade  MR  changes  for  various  times  throughout  the 
year.  Elliott  and  Thompson  (1985)  estimated  the  seasonal 
variation  of  resilient  modulus  from  the  deflection  data  for 
the  first  spring,  summer,  and  fall  of  the  AASHO  Road  Test 
subgrade.  They  showed  the  subgrade  MR  increases  approximately 
linearly  from  the  Spring  thaw  value  to  the  normal  value  in 
Fall.  The  Asphalt  Institute  (1982)  presented  subgrade  MR 
variation  throughout  the  year  from  a  study  of  climatic  data. 
This  gave  specific  information,  both  with  respect  to  freeze 
and  thaw  periods,  and  to  the  thaw  recovery  period,  for  three 
selected  sites  having  different  mean  annual  air  temperature 
conditions. 

Based  on  the  above  studies  and  the  climatic  data  for 
Indiana,  the  tentative  representation  of  subgrade  MR 
throughout  the  year  is  proposed  as  shown  in  Figure  10.6.  The 
resilient  modulus  starts  to  increase  in  December  and  a  high 
modulus  is  maintained  until  March.  MR  decreases  abruptly  in 
April  due  to  thawing,  being  followed  by  five  months  of  a  thaw 
recovery  period.  The  resilient  modulus  for  normal  subgrade 
(Mrn)  is  estimated  by  the  procedure  described  in  Section  10.2. 
Resilient  moduli  for  frozen  subgrade  (M^)  and  thaw  subgrade 
(MRT)  can  be  determined  by  Section  10.5  and  Section  10.4, 
respectively.  Assuming  that  the  resilient  modulus  between 
these  values  varies  linearly,  the  resilient  moduli  for  each 
month  throughout  the  year  can  be  determined.  Once  the  seasonal 
variation  in  MR  is  estimated,  these  values  can  be  incorporated 
into  the  1986  AASHTO  Guide  for  estimation  of  effective 
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resilient  modulus. 

A  better  representation  of  the  variation  in  subgrade 
resilient  modulus  can  be  obtained  by  sampling  and  testing  the 
subgrade  soil,  or  by  measuring  the  deflection  of  pavement  and 
backcalculating  the  subgrade  resilient  modulus  throughout  the 
year.  Until  reliable  data  on  the  seasonal  variation  of 
resilient  modulus  are  obtained,  a  tentative  representation 
shown  in  Figure  10.6  will  give  a  reasonable  estimation  of 
seasonal  change  in  MR. 

10.7  Resilient  Modulus  at  Different  Level  of  Stresses 

10.7.1  Procedure  for  Normal  Cohesive  Soil 

For  mechanistic  analysis  of  pavement  system,  it  is 
necessary  to  express  MR  in  terms  of  deviator  stress  and 
confining  stress  since  the  level  of  stresses  due  to  traffic 
loading  is  again  a  function  of  resilient  characteristics  of 
pavement  materials.  From  regression  analysis  on  resilient 
moduli  at  different  levels  of  confining  stress  and  repeated 
deviator  stress,  MR  of  cohesive  soil  can  be  expressed  as; 

MR=a+bSUUQ^cSul.0%2  (4.4) 

where  MR  is  the  resilient  modulus  at  the  specific  level  of 
stresses  (psi)  ;  Sul0%  is  the  stress  causing  1  percent  strain  in 
unconf ined  compression  test  (psi) ;  a,  b,  and  c  are  regression 
parameters.  Since  parameters  a,  b,  and  c  are  a  function  of 
stresses,  charts  to  evaluate  these  parameters  corresponding  to 
given  confining  stress  and  deviator  stress  are  developed  as 
shown  in  Figure  10.7.  The  resilient  modulus  at  specific 
deviator  stress  and  confining  stress  can,  then,  be  obtained  by 
estimating  regression  parameters  from  Figure  10.7  and 
substituting  estimated  values  for  these  parameters  into 
Equation  4.4.  By  plotting  calculated  resilient  moduli  with 
corresponding  deviator  stress  and  confining  stress,   the 
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Chart  for  Estimation  of  Parameters  in  Equation 
4.4 
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relationship  of  resilient  modulus  with  deviator  stress  for 
each  confining  stress  level  is  established. 

Another  chart  to  determine  the  relationship  between  MR 
and  ad  is  developed  for  more  convenient  use.  All  the  test 
results  from  field  compacted  soils  are  sorted  and  grouped  by 
means  of  Sul0, ,  and  the  average  value  of  A  and  B  in  the 


% 


expression  of  MR=Aad  are  obtained  for  each  group.  Since  Sul  0 
is  the  most  influential  factor  on  resilient  modulus,  this 
approach  would  provide  reasonably  reliable  relationship 
between  resilient  modulus  and  deviator  stress.  Plots  of  MR  at 
a3  of  3  psi  for  each  group  are  shown  in  Figure  10.8.  Table 
10.3  can  be  used  to  estimate  the  resilient  modulus  for  other 
values  of  a3  for  the  appropriate  group  of  Sul0%. 

For  both  approaches  proposed  above,  the  parameters  at  a 
deviator  stress  less  than  2  psi  are  assumed  constant  and 
identical  to  those  at  deviator  stress  of  2  psi. 

10.7.2  Procedure  for  Thawed  Cohesive  Soil 

Resilient  moduli  of  thawed  cohesive  subgrade  at  specific 
levels  of  confining  stress  and  repeated  deviator  stress  are 
estimated  using  following  equation; 

MR=a+bSuU0X  (5.1) 

where  MR  is  the  thawed  resilient  modulus  at  specific  level  of 
stresses  (psi)  ;  and  Sul0s  is  stress  causing  1  percent  strain  in 
unconfined  compression  test  performed  before  the  freeze-thaw 
of  specimen  (psi) .  Regression  parameters  a  and  b  are  a 
function  of  the  deviator  stress  and  confining  stress,  and 
charts  to  estimate  a  and  b  are  shown  in  Figure  10.9.  Once  Sul  0„ 
is  determined  from  the  unconfined  compression  test  on  non 
freeze-thaw  soil,  the  post-thaw  MR  is  estimated  using  charts 
in  Figure  10.9  and  Equation  5.1.  By  repeating  the  process  for 
various  levels  of  stresses,  the  relationship  for  thawed  MR 
with  <7d  at  each  level  of  confining  stress  is  obtained  and  can 
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be  used  for  mechanistic  analysis  of  pavement  system. 


10.8  Development  of  Specification  to  Control  In-Service 
Subgrade  Deformability 


To  establish  limiting  criteria  for  resilient 
deformability,  data  on  what  can  be  considered  excessive 
resilient  deformation  of  the  subgrade  materials  used  for 
typical  pavement  systems  are  required.  Recommendations  for  the 
magnitude  of  limiting  value  of  the  MR  are  beyond  the  scope  of 
the  present  work.  In  this  Section,  a  schematic  procedure  to 
control  in-service  subgrade  deformability  is  presented.  Once 
the  desirable  limiting  resilient  modulus  of  the  subgrade  is 
determined,  proposed  Equation  4.4  or  4.8  can  be  used  during 
construction  to  control  the  resilient  property  of  subgrade. 
From  the  Equation  4.4  or  4.8,  the  limiting  resilient  modulus 
can  be  converted  to  the  limiting  Sul0%.  If  Sul0,  obtained  from 
the  unconfined  compression  test  on  the  specimen  taken  from 
constructed  subgrade  is  larger  than  the  limiting  Sul0%,  the 
subgrade  is  considered  to  have  the  resilient  modulus  larger 
than  the  limiting  resilient  modulus.  This  will  help  field 
engineers  better  control  the  resilient  characteristics  of  the 
subgrade,  and  will  reduce  pavement  cracking  and  early 
deterioration.  The  unconfined  compression  test  is  recommended 
to  be  run  on  the  undisturbed  specimen  of  2.8-inch  diameter  and 
height  between  5.6  and  6  inches  with  1  percent  strain  per 
minute.  Time  and  effort  can  be  reduced  by  performing  the 
unconfined  compression  test  only  up  to  1  percent  axial  strain. 

When  it  is  possible  to  establish  rationally  that  the 
resilient  modulus  must  be  constrained  to  a  limiting  value,  the 
procedures  developed  in  this  study  may  be  followed  to  assure 
the  presence  of  limiting  value  in-service.  The  following  is 
recommended  to  help  the  control  of  in-service  subgrade 
deformability: 


I 
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1.  Set   the   limiting   value   of   resilient   modulus   from 

consideration  of  pavement  analysis; 

2.  Estimate  the  decrease  in  resilient  modulus  due  to  change  in 
water  content  after  construction  by  the  procedure  recommended 
in  Section  10.3; 

3.  Add  the  decrease  in  resilient  modulus  estimated  in  step  2 
to  the  limiting  value  of  resilient  modulus,  and  get  the  target 
value  of  as-compacted  resilient  modulus; 

4.  Since  the  decrease  in  resilient  modulus  due  to  freeze-thaw 
is  significant,  it  is  very  difficult  to  maintain  the  thawed 
resilient  modulus  larger  than  the  limiting  resilient  modulus. 
Therefore,  the  best  way  to  reduce  the  damage  on  pavement  due 
to  freeze-thaw  is  not  allow  the  subgrade  to  freeze; 

5.  Convert  the  target  resilient  modulus  obtained  in  step  3 
into  a  target  value  of  Sul0%  using  Equation  4.4; 

6.  Compact  the  soil  in  the  laboratory  with  varying  water 
content  and  compaction  energy,  and  perform  the  unconfined 
compression  test  on  compacted  specimens.  Determine  the  range 
of  water  content  and  dry  density  which  gives  the  Sul  0%  larger 
than  the  target  value  of  Sul  0%   obtained  in  step  5; 

7.  Specified  range  of  water  content  and  dry  density  can  be 
verified  by  performing  the  unconfined  compression  test  on  the 
specimens  taken  from  test  embankment; 

8.  During  construction,  target  value  of  Su,  Q%  can  be  used  to 
help  control  the  resilient  characteristics  of  the  subgrade. 


10.9  Procedure  for  Granular  Soil 

For  granular  soils  prepared  by  vibratory  compaction  which 
produces  the  similar  dry  density  with  standard  impact 
compaction,  the  resilient  response  is  almost  independent  of 
compaction  water  content.  The  resilient  modulus  of  dune  sand 
compacted  with  vibratory  energy  corresponding  to  Standard 
Proctor  energy,  can  be  expressed  as  follows; 

MJ?=312600-595  (6.7) 

where  MR  is  the  resilient  modulus  in  psi;  d     is  sum  of 
principal  stresses  in  psi.  This  should,  however,  be  used  with 
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caution  at  the  site  where  there  is  possibility  of  pore- 
pressure  built  up  due  to  a  poor  drainage. 

To  consider  the  effect  of  dry  density  on  MR,  relative 
compaction  is  defined  as  the  ratio  of  as-compacted  dry  density 
to  that  obtained  from  5  layer  compaction  by  5  minute  vibration 
per  layer.  The  prediction  equation  developed  is; 

MR=(  -20163+232.  886i?C)  60-595  (6.12) 

where  MR  is  the  resilient  modulus  in  psi;  RC  is  relative 
compaction  in  percentage.  A  chart  to  estimate  the  resilient 
modulus  directly  from  water  content  and  dry  density  is  shown 
in  Figure  10.10.  Due  to  limitations  of  tested  dry  densities, 
proposed  equation  and  chart  are  suggested  to  be  used  in  the 
range  of  relative  compaction  between  93  to  105  percent. 

10.10  Numerical  Examples 

10.10.1  Newly  Constructed  Pavement 

This  section  shows  how  to  use  the  proposed  procedure  to 
estimate  the  subgrade  resilient  modulus  for  newly  constructed 
pavement.  Assume  that  the  unconfined  compression  test  was 
performed  on  the  South  Bend  soil  compacted  in  the  laboratory 
following  the  procedure  described  in  Section  10.2.1,  and  that 
the  stress  causing  1  percent  strain  (Sul0s)  was  20.0  psi.  The 
as-compacted  resilient  modulus  is,  then,  calculated  by 
Equation  4.8; 

WK=-1599. 66 +833. 83x20. 0-6. 96 83 x (20.0)2=12,  29 Opsi 

The  estimated  increase  in  water  content  from  the  as- 
compacted  condition  to  an  equilibrium  condition  is  assumed  to 
be  1.0  percent.  Then,  the  reduction  in  MR  can  be  estimated 
from  Figure  10.1  and  it  is  about  5400  psi.  The  resilient 
modulus  at  the  equilibrium  condition  is  considered  as  the  MR 
for  normal  subgrade  (Mrn)  and  its  magnitude  is; 
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Jfjor-12,  29  0-5,  400=6,  89  Opsi 

The  SuI_0,  corresponding  to  Mrn  can  be  obtained  from  Equation  4.8 
and  it  is  11.24  psi.  The  resilient  modulus  for  thawed  subgrade 
(MRT)  is,  then,  determined  from  Equation  5.3; 

AfJ?T=2453.48+130.24xll.24=3,920psi 

Another  way  to  determine  MRT  from  the  estimated  M^  is  shown  in 
Figure  10.11.  The  resilient  modulus  for  frozen  subgrade  (Mrf) 
estimated  from  Table  10.2  is  27,000  psi. 

From  these  seasonal  moduli  obtained  above,  the  resilient 
moduli  for  each  month  of  the  year  can  be  estimated  from  Figure 
10.12.  Estimated  resilient  moduli  for  each  month  are,  then, 
incorporated  in  1986  AASHTO  Guide  to  determine  the  effective 
roadbed  resilient  modulus,  as  shown  in  Figure  10.13.  It  is 
shown  that  the  effective  resilient  modulus  determined  is  about 
6300  psi. 

10.10.2  Reconstructed  Pavement 

To  show  how  to  utilize  the  proposed  procedure  of 
estimation  of  resilient  modulus,  the  test  result  of  FW05  is 
used  as  an  example.  As  shown  in  Appendix  B,  the  stress  causing 
1  percent  strain  in  an  unconfined  compression  test  performed 
with  a  strain  rate  of  1  percent  per  minute  is  18.4  psi.  This 
value  of  Sul0%  is  substituted  into  Equation  4.8  and  the 
resilient  modulus  predicted  is; 

^=-1599.66+83  3.83x18.4-6  .  96  83x  ( 18  .  4  )  2  =  11 ,  383psi 

Since  the  subgrade  is  considered  to  have  reached  its 
equilibrium  condition  and  was  sampled  in  September,  the 
resilient  modulus  obtained  is  the  equilibrium  resilient 
modulus  (Mrn)  of  normal  subgrade.  As  a  comparison,  the 
resilient  modulus  measured  during  the  test  was  14417  psi  at 
a3=3  psi  and  ad=4  psi,  and  was  9032  psi  at  a3=3  psi  and  ad=8 
psi.  Therefore,  the  predicted  value  is  reasonably  close  to  the 
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Month 

Subgrade  MR 

Relative   Damage 

(psi) 

Uf 

Jan. 

16950 

0.018 

Feb. 

21970 

0.010 

Mar. 

27000 

0.006 

Apr. 

3920 

0.550 

Mar. 

4500 

0.395 

June 

5100 

0.295 

July 

5700 

0.228 

Aug. 

6300 

0.181 

Sep. 

6890 

0.147 

Oct. 

6890 

0.147 

Nov. 

6890 

0.147 

Dec. 

11920 

0.041 
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measured  value. 

The  resilient  modulus  for  thawed  subgrade  (MRT)  is 
obtained  from  Equation  5.3  or  from  Figure  10.14; 

AfRT=2453  .48  +  130.24x18.4=4,  850psi 

From  Table  10.2,  the  resilient  modulus  for  frozen  subgrade 
(Mrp)  is  27,000  psi.  From  these  seasonal  moduli  obtained  above, 
the  monthly  change  in  the  resilient  modulus  can  be  estimated 
as  shown  in  Figure  10.15.  Resilient  moduli  for  each  month  are, 
then,  incorporated  into  1986  AASHTO  Guide  to  determined  the 
effective  roadbed  resilient  modulus  as  shown  in  Figure  10.16. 
The  effective  subgrade  resilient  modulus  obtained  is  8880  psi. 

10.10.3  Resilient  Modulus  for  Different  Level  of  Stresses 

This  section  shows  how  to  establish  the  relationship 
between  resilient  modulus  with  deviator  stress.  The  test 
result  of  FW05  is  used  as  an  example.  Values  of  parameters  a, 
b,  and  c  for  each  deviator  stress  and  confining  stress  are 
determined  from  Figure  10.7.  These  regression  parameters  and 
sui.o»  are  Put  into  the  Equation  4.4.  Estimated  regression 
parameters  and  the  predicted  resilient  moduli  are  shown  in 
Figure  10.17. 

The  other  approach  to  establish  the  relationship  is  from 
Table  10.3.  Since  Sul0,  of  18.4  psi  is  included  in  the  second 
group  (16  psi  <  Sul0%  <  20  psi),  the  relationships  for  a3=6,  3, 
0  psi  are  MR=3  473  5a,,-055268,  MR=29218ad-°-51989,  and  MR=18193ad-°-36225 
respectively.  Predicted  resilient  moduli  are  also  shown  in 
Figure  10.17. 

To  compare  the  predicted  values  with  measured  values, 
predicted  results  by  Equation  4.4  and  Table  10.3  are  plotted 
with  measured  resilient  modulus  in  Figure  10.18.  It  can  be 
seen  that  the  predicted  relationships  by  both  methods  are 
similar  and  agree  reasonably  well  with  the  measured  values. 
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Month 
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11.  CONCLUSIONS  AND  RECOMMENDATIONS 

11.1  Conclusions 

From  the  test  results  on  five  cohesive  soils  and  a 
granular  soil  typically  used  as  subgrade  materials  in  Indiana, 
following  conclusions  are  drawn: 

(1)  The  developed  system  and  procedure  for  resilient  modulus 
test  are  reliable  and  give  good  repeatability  of  test 
results. 

(2)  The  in-service  condition  of  cohesive  subgrade  approaches 
the  90  percent  to  100  percent  degree  of  saturation  after 
several  years  of  service,  regardless  of  as-compacted 
condition. 

(3)  Field  compaction  for  the  South  Bend  and  Washington  sites 
produces  dry  densities  lower  than  that  by  laboratory 
Standard  Proctor  compaction,  while  the  Fort  Wayne  site 
displays  similar  dry  densities  by  field  and  laboratory 
Standard  Proctor  compaction. 

(4)  Parameters  from  unconfined  compression  test  are  good 
indicators  of  resilient  modulus  while  the  in-service 
water  content  and  dry  density  show  a  scattered 
relationship  with  the  resilient  modulus. 

(5)  For  laboratory  compacted  cohesive  soils,  the  relationship 
between  MR  and  Sul0%  for  a  given  soil  is  unigue  regardless 
of  compaction  water  content  and  compactive  effort.  The 
relationship  is  similar  for  three  sites  tested  and  is 
believed  similar  for  all  five  sites.  The  prediction 
equation  developed  is  presented  in  eguation  4.7. 

(6)  In-service  resilient  modulus  of  the  field  compacted  fine- 
grained soils  is  uniquely  related  to  Sul0%,  regardless  of 
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soil  type.  The  effect  of  confining  pressure  on  the 
resilient  modulus  increases  as  Sul0,  increases.  The 
relationship  between  MR  and  Sul.0%  for  in-service  subgrade 
is  given  in  equation  4.4  and  4.8. 

(7)  The  resilient  modulus  of  in-service  subgrade  can  not  be 
estimated  from  that  of  laboratory  compacted  soil  without 
considering  the  effect  of  water  content  change  after 
construction.  The  as-compacted  resilient  modulus  may  be 
represented  by  that  of  laboratory  compacted  soil. 

(8)  The  relationship  itself  between  MR  and  Sul  0%  is  believed 
not  to  be  affected  by  the  change  of  water  content  and  dry 
density  after  construction.  The  relationship  is  slightly 
different  between  laboratory  and  field  compacted  soils. 
Therefore,  the  equation  4.4  and  4.8  may  be  used  for  the 
estimation  of  as-compacted  resilient  modulus  as  well  as 
in-service  resilient  modulus. 

(9)  An  addition  of  Sul0,  to  the  current  practice  of  compaction 
specification  will  allow  field  engineers  to  better 
control  the  resilient  property  of  the  constructed 
subgrade.  This  will  reduce  fatigue  cracks  of  pavement. 

(10)  The  closed-system  freeze-thaw  testing  procedure  developed 
simulates  the  freeze-thaw  occurring  in  the  field 
reasonably  well. 

(11)  The  resilient  modulus  of  cohesive  soil  is  significantly 
reduced  by  only  one  cycle  of  freeze-thaw  process.  There 
is  a  negligible  effect  of  freeze-thaw  for  soils  having 
sui.o«  less  than  8  psi,  while  the  effect  of  freeze-thaw 
becomes  larger  as  Sal0%   increases. 

(12)  Relationships  between  thaw-weakened  resilient  modulus  and 
sui.o*  for  five  sites  tested  fit  into  single  one.  Equations 
5.1  and  5.3  can  be  used  to  predict  the  thawed  resilient 
modulus  using  Sul0„  from  the  unconfined  compression  test 
performed  before  the  freeze-thaw  of  specimen. 

(13)  The  relationship  of  MR  with  Sul0S  of  thaw-weakened  soil  is 
similar  with  that  between  MR  and  Su,  0%   of  soil  which  has 
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not  been  subjected  to  freeze-thaw.  Therefore,  the  thawed 
resilient  modulus  can  be  estimated  from  equations  4.4  and 
4.8  if  the  unconfined  compression  test  is  carried  out  on 
the  specimen  obtained  from  thawed  subgrade. 

(14)  The  cohesive  soils  show  a  decrease  in  resilient  modulus 
with  increase  in  water  content  after  construction.  The 
change  in  resilient  modulus  depends  on  the  soil  type. 

(15)  The  resilient  modulus  of  frozen  cohesive  soil  is 
independent  of  the  deviator  stress  and  is  constant. 

(16)  At  same  water  content  and  dry  density,  the  resilient 
modulus  of  vibratory  compacted  dune  sand  is  larger  than 
that  of  impact  compacted  dune  sand.  The  permanent  strain 
of  vibratory  compacted  specimen  is  far  smaller  than  that 
of  impact  compacted  specimen. 

(17)  The  resilient  property  of  dune  sand  compacted  with  same 
compactive  effort  is  similar,  regardless  of  compaction 
water  content,  while  the  permanent  strain  increases  as 
the  water  content  increases. 

(18)  For  dune  sand  having  relative  compaction  between  9  5  and 
103  percent,  the  resilient  modulus  can  be  estimated  using 
equation  6.9  or  Figure  10.5. 

(19)  Pore-size  distribution  gives  a  measure  of  fabric  as  a 
non-vector  quantity  and  good  reproducibility  can  be 
achieved  on  pore-size  data. 

(20)  Fabric  of  compacted  cohesive  soil  is  significantly 
influenced  by  the  molding  water  content.  Dry  and  wet  side 
fabrics  are  significantly  different. 

(21)  Pore-size  data  can  be  used  to  compare  the  fabric  of  two 
different  cohesive  soils.  If  the  pore-size  distribution 
of  two  cohesive  soils  is  different  than  their  fabric  is 
also  different. 

(22)  Fabric  parameters  of  an  uncompacted  cohesive  soil  can  be 
correlated  with  the  maximum  attainable  dry  unit  weight 
(at  certain  energy  level)  and  the  clay  fraction  present 
in  the  soil. 
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(23)  For  cohesive  soils,  impact  compaction  gives  less 
variability  in  the  pore  size  data  compare  to  the  kneading 
compaction. 

(24)  For  A-7-6,  A-7-5,  and  A-6  soils,  laboratory  impact 
compaction  at  Standard  Proctor  energy  and  optimum  or 
slightly  higher  (about  1  percent  wet)  water  content  is 
capable  of  creating  the  field  compacted  fabric. 
Similarity  between  the  fabrics  created  by  this  method 
becomes  less  pronounced  as  the  clay  fraction  present  in 
the  soil  decreases. 

(25)  Field  compacted  fabric  for  the  A-4  and  A-6  soils  can  not 
be  replicated  by  the  method  suggested  in  (24)  . 
Application  of  Modified  Proctor  energy  reduces  the 
differences  between  two  fabrics.  However,  a  greater 
degree  of  similarity  can  not  be  achieved  even  with  the 
Modified  Proctor  energy. 

(26)  Resilient  modulus  of  the  compacted  subgrade  for  soils 
with  higher  clay  fraction  can  be  predicted  by  the  fabric 
parameters  and  the  molding  water  content  (Equations  9.1 
and  9.2). 

(27)  Increase  in  water  content  after  construction  does  not 
affect  the  as-compacted  fabric  and  the  equilibrium  water 
content  can  be  estimated  from  the  field  compacted  pore 
size  curve. 

(28)  Resilient  modulus  of  the  laboratory  compacted  cohesive 
soils  is  significantly  influenced  by  the  clay  fraction 
(or  microporosity) . 

11.2  Recommendations  for  Future  Research 

(1)  It  is  recommended  to  explore  the  possibility  of 
developing  an  equipment  and  technique  capable  of 
increasing  water  content  after  compaction  beyond  the 
moderate  increase  achieved  by  the  present  technique,  and 
to  study  further  the  effect  of  change  in  water  content 
after  construction  on  the  resilient  modulus. 
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(2)  It  is  potentially  useful  to  obtain  the  field  data  on  the 
change  of  temperature  in  pavement  subgrades  to  establish 
if  refinements  are  required  to  the  data  of  this  study. 

(3)  An  effort  should  be  made  to  encourage  pavement  analysts 
to  study  the  viability  of  a  rational  basis  for  what  is 
the  limiting  deflection  of  pavement  surface  that  best 
relates  to  good  pavement  performance. 

(4)  Further  fabric  studies  are  required  to  prepare  compaction 
specifications  based  on  the  difference  in  the  fabric  of 
the  uncompacted  and  the  compacted  soil.  A  field 
compaction  may  be  targeted  to  achieve  a  certain  fabric 
rather  than  the  conventional  dry  unit  weight  criterion. 


LIST   OF   REFERENCES 


305 


LIST  OF  REFERENCES 


AASHTO  Guide  for  Design  of  Pavement  Structures.  (1986) .  Amer. 
Assoc,  of  State  Hwy.  and  Transp.  Officials,  Washington,  D.C. 

Ahmed,  S.,  Lovell,  C.  W. ,  and  Diamond,  S.  (1974).  "Pore  Size 
and  Strength  of  Compacted  Clay."  J.  of  Geotech.  Engrg. ,  ASCE, 
Vol.  100,  No.  4,  407-425. 


Allen,  J.  J.,  and  Thompson,  M.  R.  (1974).  "Resilient  Response 
of  Granular  Materials  Subjected  to  Time  Dependent  Lateral  ] 
Stresses."  Transp.  Res.  Record  510,  1-13. 

The  American  Geological  Institute.  (1957)  .  Glossary  of  Geology 
and  Related  Sciences,  104pp. 

Andersland,  O.  B.,  and  Anderson,  D.  M.  (1978).  Geotechnical 
Engineering  for  Cold  Regions,  McGraw-Hill  Co. 

Baladi,  G.  Y. ,  Vallejo,  L.  E. ,  and  Goitom,  T.  (1983). 
"Normalized  Characterization  Model  of  Pavement  Materials." 
Properties  of  Flexible  Pavement  Materials,  ASTM  STP  807,  ASTM, 
55-64. 

Barden,  L. ,  and  Sides,  G.  R.  (1970).  "Engineering  Behavior  and 
Structure  of  Compacted  Clay."  J.  Soil  Mech.  Found.  Engrg., 
ASCE,  Vol.  96,  No.  4,  1171-1200. 

Barden,  L.  (1972)  .  "  The  Relation  of  Soil  Structure  to  the 
Engineering  Geology  of  Clay  Soil."  Quart.  J.  of  Engrg.  Geol., 
Vol.  5,  85-102. 

Barksdale,  R.  D.  (1984) .  "Performance  of  Crushed-Stone  Base 
Courses."  Transp.  Res.  Record  954,  78-87. 

Barksdale,  R.  D.  (1986).  "Performance  of  Base  Courses."  Proc. 
on  Solutions  for  Pavement  Rehabilitation  Problems,  ASCE,  97- 
112. 

Barksdale,  R.  D.  (1971) .  "Compressive  Stress  Pulse  Times  in 
Flexible  Pavements  for  Use  in  Dynamic  Testing."  Hwy.  Res. 
Record  345,  32-44. 

Baver,  L.  D.  (1964)  .  Soil  Physics.  2nd  Ed. ,  John  Wiley  and 
Sons,  N.Y. 


306 


Bergan,  A.  T.  ,  and  Fredlund,  D.  G.  (1973).  "Characterization 
of  Freeze-Thaw  Effects  on  Subgrade  Soils."  Symp.  on  Frost 
Action  on  Roads,  Organization  for  Economic  Cooperation  and 
Development,  Oslo,  Norway,  Vol.2,  119-143. 

Bergan,  A.  T. ,  and  Monismith,  C.  L.  (1973).  "Characterization 
of  Subgrade  Soils  in  Cold  Regions  for  Pavement  Design 
Purposes."  Hwy.  Res.  Record  431,  25-37. 

Bergan,  A.  T.,  and  Culley,  R.  W.  (1973).  "Some  Fatigue 
Considerations  in  the  Design  of  Asphalt  Concrete  Pavements." 
Symp.  on  Frost  Action  on  Roads,  Organization  for  Economic 
Cooperation  and  Development,  Oslo,  Norway,  Vol.  2,  37-77. 

Boateng-Poku,  Y.,  and  Drumm,  E.  C.  (1989).  "Hyperbolic  Model 
for  the  Resilient  Modulus  Response  of  Fine-Grained  Subgrade 
Soil."  Resilient  Moduli  of  Soils:  Laboratory  Conditions, 
Geotechnical  Special  Publication  24,  ASCE,  1-14. 

Bohra,  N.  C.  (1993) .  "Use  of  Pore-size  Distribution— The 
Control  of  Subgrade  Resilient  Modulus."  PhD  Thesis,  Purdue 
University,  West  Lafayette,  Indiana. 

Brakel,  J.  V.,  Modry,  S.,  and  Svata,  M.  (1981).  "Mercury 
Porosimetry:  State  of  the  Art."  Powder  Technology,  Vol.  29,  1- 
12. 

Brewer,  R.  (1964)  .  Fabric  and  Mineral  Analysis  of  Soils.  John 
Wiley,  New  York. 

Brodsky,  N.  S.  (1989) .  "Resilient  Modulus  Measurements  on 
Cohesive  Soils  as  a  Function  of  Deviator  Stress  and  Confining 
Pressure."  Resilient  Moduli  of  Soils:  Laboratory  Conditions, 
Geotechnical  Special  Publication  24,  ASCE,  15-30. 

Brown,  S.  F.,  and  Pell,  P.  S.  (1967).  "Subgrade  Stress  and 
Deformation  under  Dynamic  Load."  J.  of  Soil  Mech.  Found. 
Engrg.,  ASCE,  Vol.  93,  No.  1,  17-46. 

Brown,  S.  F.,  Lashine,  A.  K.  F.,  and  Hyde,  A.  F.  L.  (1975). 
"Repeated  Load  Triaxial  Testing  of  a  Silty  Clay." 
Geotechnique,  Vol.  25,  No.  1,  95-114. 

Brown,  S.  F. ,  and  Selig,  E.  T.  (1991).  "Chap.  6.  The  Design  of 
Pavement  and  Rail  Track  Foundations."  in  Cyclic  Loading  of 
Soils:  from  theory  to  design.  Edited  by  O'Reilly,  M.  P.,  and 
Brown,  S.  F. ,  Van  Nostrand  Reinhold,  249-305. 

Brown,  S.  F.  (1974) .  "Repeated  Load  Testing  of  a  Granular 
Material."  J.  Geotech.  Engrg.,  ASCE,  Vol.  100,  No.  7,  825-841. 


307 


Brown,  S.  F.,  and  Hyde,  A.  F.  L.  (1974).  "Significance  of 
Cyclic  Confining  Stress  in  Repeated-Load  Triaxial  Testing  of 
Granular  Material."  Transp.  Res.  Record  510,  49-58. 

Carmichael  III,  R.  F.,  and  Stuart,  E.  (1985).  "Predicting 
Resilient  Modulus:  A  Study  to  Determine  the  Mechanical 
Properties  of  Subgrade  Soils."  Transp.  Res.  Record  1043,  145- 
148. 

Casagrande,  A.  (1932)  .  "The  Structure  of  Clay  and  Its 
Importance  in  Foundation  Engineering."  J.  Boston  Society  of 
Civ.  Engrs.,  Vol.  19,  No.  4,  168-209. 

Chamberlain,  E.  J.  (1987) .  "A  Freeze-Thaw  Test  to  Determine 
the  Frost  Susceptibility  of  Soils."  U.  S.  Army  Cold  Regions 
Research  and  Engineering  Laboratory,  CRREL  Special  Report  87- 
1. 

Chamberlain,  E.  J.  (1986).  "Evaluation  of  Selected  Frost- 
Susceptibility  Test  Methods."  U.  S.  Army  Cold  Regions  Research 
and  Engineering  Laboratory,  CRREL  Report  86-14. 

Chamberlain,  E.  J.,  Cole,  D.  M. ,  and  Johnson,  T.  C.  (1979). 
"Resilient  Response  of  Two  Frozen  and  Thawed  Soils."  J. 
Geotech.  Engrg.,  ASCE,  Vol.  105,  No.  2,  257-271. 

Chamberlain,  E.  J.,  Gow,w.  J.  (1979).  "Effect  of  Freezing  and 
Thawing  on  the  Permeability  and  Structure  of  Soils."  Engrg. 
Geol.,  Vol.  13,  73-92. 

Chamberlain,  E.  J.  (1981).  "Frost  Susceptibility  of  Soil."  U. 
S.  Army  Cold  Regions  Research  and  Engineering  Laboratory, 
CRREL  Monograph  81-2. 

Chamberlain,  E.  J.  (1973) .  "A  Model  for  predicting  the 
influence  of  Closed  System  Freeze-Thaw  on  the  Strength  of 
Thawed  Soil."  Symp.  on  Frost  Action  on  Roads,  Organization  for 
Economic  Cooperation  and  Development,  Oslo,  Norway,  94-97. 

Chisolm,  E.  E.,  and  Townsend,  F.  C.  (1976).  "Behavioral 
Characteristics  of  Gravelly  Sand  and  Crushed  Limestone  for 
Pavement  Design."  U.  S.  Department  of  Transportation,  Federal 
Aviation  Administration,  Report  FAA-RD-7 5-177. 

Clark,  J.  I.,  and  Gillott,  J.  E.  (1985).  "The  Role  of 
Composition  and  Fabric  of  Soils  in  Selected  Geotechnical 
Engineering  Case  Histories."  Applied  Clay  Science,  Vol.  1, 
Elsevier  Science  Publication,  173-191. 


i 


308 


Claros,  G.,  Hudson,  W.  R. ,  and  Stokoe,  K.  H.  (1989). 
"Modifications  to  the  Resilient  Modulus  Testing  Procedure  and 
the  Use  of  Synthetic  Samples  for  Equipment  Calibration."  69th 
Annual  Meeting,  TRB. 

Cole,  D.  M.  ,  Durell,  G.  ,  and  Chamberlain,  E.  (1985).  "Repeated 
Load  Triaxial  Testing  of  Frozen  and  Thawed  Soils."  Geotech. 
Test.  J.,  ASTM,  Vol.  8,  No.  4,  166-170. 

Cole,  D. ,  Bentley,  D.,  Durell,  G. ,  and  Johnson,  T.  (1987). 
"Resilient  Modulus  of  Freeze-Thaw  Affected  Granular  Soils  for 
Pavement  Design  and  Evaluation.  Part  3:  Laboratory  Tests  on 
Soils  from  Albony  County  Airport."  U.  S.  Army  Cold  Regions 
Research  and  Engineering  Laboratory,  CRREL  Report  87-2. 

Cole,  D.  M. ,  Irwin,  L.  H. ,  and  Johnson,  T.  C.  (1981).  "Effect 
of  Freezing  and  Thawing  on  Resilient  Modulus  of  a  Granular 
Soil  Exhibiting  Nonlinear  Behavior."  Transp.  Res.  Record  809, 
19-26. 

Cole,  D.,  Bentley,  D.,  Durell,  G.,  and  Johnson,  T.  (1986). 
"Resilient  Modulus  of  Freeze-Thaw  Affected  Granular  Soils  for 
Pavement  Design  and  Evaluation.  Part  1:  Laboratory  Tests  on 
Soils  from  Winchendon,  Massachusetts,  Test  Sections."  U.  S. 
Army  Cold  Regions  Research  and  Engineering  Laboratory,  CRREL 
Report  86-4. 

Collins,  K. ,  and  McGown,  A.  (1974).  "The  Form  and  Function  of 
Microfabric  in  a  Variety  of  Natural  Soils."  Geotechnique,  Vol. 
24,  No.  2,  223-254. 

Croney,  D.  (1977).  "Chap.  13,  The  Behavior  of  Road  Materials 
Under  Repeated  Loading."  in  The  Design  and  Performance  of  Road 
Pavements.  HMSO,  London,  367-428. 

Culley,  R.  W.  (1971) .  "Effect  of  Freeze-Thaw  Cycling  on 
Stress-Strain  Characteristics  and  Volume  Change  of  a  Till 
Subjected  to  Repetitive  Loading."  Can.  Geotech.  J.,  Vol.  8, 
No.  3,  359-371. 

Dehlen,  G.  L.  (1969).  "The  Effect  of  Non-linear  Material  in 
the  Behavior  of  Pavements  Subjected  to  Traffic  Loads."  Ph.D. 
Thesis,  University  of  California,  Berkeley. 

Dempsey,  B.  J.,  and  Elzeftawy,  A.  (1977).  "Mathematical  Model 
for  Predicting  Moisture  Movement  in  Pavement  Systems."  Transp. 
Res.  Record  612,  48-55. 

Diamond,  S.  (1970).  "Pore  Size  Distributions  in  Clays."  Clays 
and  Clay  Minerals,  Vol.  18,  7-23. 

Diamond,  S.  (1971) .  "Microstructure  and  Pore  Structure  of 
Impact-Compacted  Clays."  Clays  and  Clay  Minerals,  Vol.  19, 
239-249. 


309 


Drumm,  E.  C,  Boateng-Poku,  Y.,  and  Pierce,  T.  J.  (1990). 
"Estimation  of  Subgrade  Resilient  Modulus  from  Standard 
Tests."  J.  Geotech.  Engrg.,  ASCE,  Vol.  116,  No.  5,  774-789. 

Dudley,  J.  H.  (1970) .  "Review  of  Collapsing  Soils"  J.  Soil 
Mech.  Found.  Engrg.,  ASCE,  Vol.  96,  No.  3,  925-947. 

Duncan,  J.  M. ,  and  Chang,  C.  Y.  (1970).  "Nonlinear  Analysis  of 
Stress  and  Strain  in  Soils."  J.  Soil  Mech.  Found.  Engrg., 
ASCE,  Vol.  96,  No.  5,  1629-1653. 

Edris,  E.  V.,  and  Lytton,  R.  L.  (1976).  "Dynamic  Properties  of 
Subgrade  Soils,  Including  Environmental  Effects."  Texas 
Transp.  Institute  Research  Report  No.  164-3. 

Elliott,  R.  P.,  and  Thompson,  M.  R.  (1985).  "Mechanistic 
Design  Concepts  for  Conventional  Flexible  Pavements."  Transp. 
Engrg.  Series  No.  42,  Dept.  of  Civil  Engrg.,  Univ.  of 
Illinois,  Unbana  Champaign. 

Elliott,  R.  P.,  and  Thornton,  S.  I.  (1988).  "Simplification  of 
Subgrade  Resilient  Modulus  Testing."  Transp.  Res.  Record  1192, 
1-7. 

Elliott,  R.  P.,  and  Thornton,  S.  I.  (1988).  "Resilient  Modulus 
and  AASHTO  Pavement  Design."  Transp.  Res.  Record  1196,  116- 
124. 

Elliott,  R.  P.,  and  David,  L.  (1989).  "Improved 
Characterization  Model  for  Granular  Bases."  Transp.  Res. 
Record  1227,  128-133. 

Espinoza,  R.  D.  ,  Bourdeau,  P.  L.  ,  and  White,  T.  D.  (1993). 
"Pavement  Drainage  and  Pavement  Shoulder  Joint  Evaluation  and 
Rehabilitation:  Analytical  and  Numerical  Modeling  of  Moisture 
Infiltration  and  Drainage."  Draft  Final  Report  for  JHRP 
Project  No.  2018,  Purdue  Univ.,  West  Lafayette,  IN. 

Farrar,  M.  J.,  and  Turner,  J.  P.  (1991).  "Resilient  Modulus  of 
Wyoming  Subgrade  Soils."  Mountain-Plains  Consortium  Report  No. 
91-1. 

Finn,   F.   N.,   Nair,   K. ,   and  Monismith,   C.  L.   (1972). 

"Application  of  Theory  in  the  Design  of  Asphalt  Pavements." 

Third  Int'l  Conf.  on  the  Structural  Design  of  Asphalt 
Pavements,  Vol.  1,  392-409. 

Fredlund,  D.  G.  ,  Bergan,  A.  T.,  and  Sauer,  E.  K.  (1975). 
"Deformation  Characterization  of  Subgrade  Soils  for  Highways 
and  Runways  in  Northern  Environments."  Can.  Geotech.  J.,  Vol. 
12,  213-223. 


310 


Fredlund,  D.  G.  ,  Bergan,  A.  T. ,  and  Wong,  P.  K.  (1977). 
"Relation  Between  Resilient  Modulus  and  Stress  Conditions  for 
Cohesive  Subgrade  Soils."  Transp.  Res.  Record  642,  73-81. 

Garcia-Bengochea  I.,  Lovell,  C.  W.  ,  and  Altschaeffl,  A.  G. 
(1979).  "Pore  Distribution  and  Permeability  of  Silty  Clays." 
J.  Geotech.  Engrg. ,  ASCE,  Vol.  105,  No.  7,  839-856. 

Gaskin,  P.  N. ,  Raymond,  G.  P.,  and  Addo-Abedi,  F.  Y.  (1979). 
"Repeated  Compressive  Loading  of  a  Sand."  Can.  Geotech.  J., 
Vol.  16,  798-802. 

George,  K.  P.  (1992) .  "Resilient  Testing  of  Soils  Using 
Gyratory  Testing  Machine."  71st  Annual  Meeting,  TRB. 

Gibbons,  J.  D.  (1985) .  Nonparametric  Methods  for  Quantitative 
Analysis.  Second  Ed.,  American  Sciences  Press,  Syracuse,  NY. 

Grainger,  G.  D.,  and  Lister,  N.  W.  (1962).  "A  Laboratory 
Apparatus  for  Studying  the  Behavior  of  Soils  under  Repeated 
Loading."  Geotechnique,  Vol.  12,  No.  1,  3-14. 

Griffiths,  F.  J.,  and  Joshi,  R.  C.  (1989).  "Change  in  Pore 
Size  Distribution  Due  to  Consolidation  of  Clays." 
Geotechnique,  Vol.  39,  No.  1,  159-167. 

Hamilton,  A.  B.  (1966) .  "Freezing  Shrinkage  in  Compacted 
Clays."  Can.  Geotech.  J.,  Vol.  3,  No.  1,  1-17. 

Haynes,  J.  H.,  and  Yoder,  E.  J.  (1963).  "Effects  of  Repeated 
Loading  on  Gravel  and  Crushed  Stone  Base  Course  Materials  Used 
in  the  AASHTO  Road  Test."  Hwy.  Res.  Record  39,  82-96. 

Heuklelom,  W. ,  and  Klopm,  A.  J.  G.  (1962).  "Dynamic  Testing  as 
a  Means  of  Controlling  Pavement  During  and  After 
Construction."  Proc.  1st.  Int'l.  Conf.  on  Structural  Design  of 
Asphalt  Pavement,  Univ.  of  Michigan,  Ann  Arbor. 

Hicks,  R.  G.,  and  Monismith,  C.  L.  (1971).  "Factors 
Influencing  the  Resilient  Response  of  Granular  Materials." 
Highway  Res.  Record  345,  15-31. 

Highway  Research  Board.  (1962) .  The  AASHO  Road  Test.  Report  6. 
Special  Studies.  Special  Report  61F. 

Hodek,  R.  J.,  and  Lovell,  C.  W.  (1979).  "A  New  Look  at 
Compaction  Process  in  Fills."  Bull.  Association  of  Engrg. 
Geol.,  Vol.  16,  No.  4,  487-499. 

Holtz  R.  D.,  and  Kovacs  W.  D.  (1981).  An  Introduction  to 
Geotechnical  Engineering.  Prentice-Hall,  Inc.,  Englewood 
Cliffs,  NJ. 


311 


Hsu,  S.  Y.,  Vinson,  T.  S.,  and  Hicks,  R.  G.  (1983). 
"Determination  of  Resilient  Properties  of  Unbound  Materials 
with  Diametral  and  Cyclic  Triaxial  Test  Systems."  Properties 
of  Flexible  Pavement  Materials,  ASTM  STP  807,  ASTM,  65-83. 

Indiana  Department  of  Transportation.  (1993)  .  "Standard 
Specifications."  Section  203.23  and  203.24. 

Janbu,  N.  (1963) .  "Soil  Compressibility  as  Determined  by 
Oedometer  and  Triaxial  Tests."  European  Conf.  on  Soil  Mech. 
and  Found.  Engrg.,  Wiesbaden,  Germany,  Vol.  1,  19-25. 

Jenny,  H.  (1941) .  Factors  of  Soil  Formation:  A  System  of 
Quantitative  Pedology.  First  Ed.,  McGraw-Hill  Book  Company, 
Inc. ,  281pp. 

Jin,  Myung-Sub,  Lee,  K.  W.  ,  and  Kovacs,  D.  (1992).  "Field 
Instrumentation  and  Laboratory  Study  to  Investigate  Seasonal 
Variation  of  Resilient  Modulus  of  Granular  Soils."  71st  Annual 
Meeting,  TRB. 

Johnson,  T.  C. ,  Berg,  R.  L. ,  and  Dimillio,  A.  (1986).  "Frost 
Action  Predictive  Techniques:  An  Overview  of  Research 
Results."  Transp.  Res.  Record  1089,  147-161. 

Johnson,  T.  C. ,  Cole,  D.  M. ,  and  Chamberlain,  E.  J.  (1979). 
"Effect  of  Freeze-Thaw  Cycles  on  Resilient  Properties  of  Fine- 
Grained  Soils."  Engrg.  Geol.,  Vol.  13,  247-276. 

Johnson,  A.  W. ,  and  Sallberg,  J.  R.  (1960).  "Factors  that 

Influence    Field    Compaction    of  Soils:    Compaction 

Characteristics  of  Field  Equipment."  Hwy.  Res.  Board  Bull. 
272,  HRB. 

Johnson,  A.  W. ,  and  Sallberg,  J.  R.  (1962).  "Factors 
Influencing  Compaction  Test  Results."  Hwy.  Res.  Board  Bull. 
319,  HRB. 

Jones,  M.  P.,  and  Witczak,  M.  W.  (1977).  "Subgrade  Modulus  on 
the  San  Diego  Test  Road."  Transp.  Res.  Record  641,  1-6. 

Juang,  C.  H.  and  Holtz,  R.  D.  (1986).  "A  Probabilistic 
Permeability  Model  and  the  Pore  Size  Density  Function."  Int'l 
J.  of  Numerical  and  Analytical  Methods  in  Geomechanics,  Vol. 
10,  543-553. 

Juang,  C.  H. ,  and  Holtz,  R.  D.  (1986).  "Fabric,  Pore  Size 
Distribution,  and  Permeability  of  Sandy  Soils."  J.  Geotech. 
Engrg.,  ASCE,  Vol.  112,  No.  9,  855-868. 

Kalcheff,  I.  V.,  and  Hicks,  R.  G.  (1973).  "A  Test  Procedure 
for  Determining  the  Resilient  Properties  of  Granular 
Materials."  J.  of  Testing  and  Evaluation,  ASTM,  Vol.  1,  No.  6, 
472-479. 


312 


Kallas,  B.  F. ,  and  Riley,  J.  C.  (1967).  "Mechanical  Properties 
of  Asphalt  Pavement  Materials."  Proc.  2nd  Int'l  Conf.  on  the 
structural  Design  of  Asphalt  Pavements,  Univ.  of  Michigan. 

Kaplar,  C.  W.  (1970) .  "Phenomenon  and  mechanism  of  Frost 
Heaving."  Hwy.  Res.  Record  304,  1-13. 

Khedr,  S.  (1985) .  "Deformation  Characteristics  of  Granular 
Base  Course  in  Flexible  Pavements."  Transp.  Res.  Record  104  3, 
131-138. 

Kim,  W.  H. ,  and  Daniel,  D.  E.  (1992).  "Effects  of  Freezing  on 
Hydraulic  Conductivity  of  Compactive  Clay."  J.  of  Geotech. 
Engrg.,  ASCE,  Vol.  118,  No.  7,  1083-1097. 

Knutson,  R.  M. ,  Thompson,  M.  R.  (1977).  "Resilient  Response  of 
Railway  Ballast."  Transp.  Res.  Record  651,  31-39. 

Kondner,  R.  L.  (1963) .  "Hyperbolic  Stress-Strain  Response: 
Cohesive  Soils."  J.  Soil  Mech.  Found.  Engrg.,  ASCE,  Vol.  89, 
No.  1,  115-143. 

Konrad,  J.  M.  (1989) .  "Physical  Process  During  Freeze-Thaw 
Cycles  in  Clayey  Silts."  Cold  Regions  Science  and  Technology, 
Vol.  16,  291-303. 

Konrad,  J.  M.  (1991).  "Chap.  18.  The  Physics  of  Freezing  Soils 
and  an  Engineering  Frost  Heave  Approach."  in  Freezing  and 
Melting  Heat  Transfer  in  Engineering-Selected  Topics  on  Ice- 
Water  Systems  and  Welding  and  Casting  Processes,  Edited  by 
Cheng,  K.  C,  and  Seki,  N.  ,  Hemisphere  Publishing  Corporation, 
New  York,  581-612. 

Lambe,  T.  W.  (1958).  "The  Structure  of  Compacted  Clay."  J. 
Soil  Mech.  Found.  Engrg.,  ASCE,  Vol.  84,  No.  2. 

Lambe,  T.  W.  (1958) .  "The  Engineering  Behavior  of  Compacted 
Clay."  J.  Soil  Mech.  Found.  Engrg.,  ASCE,  Vol.  84,  No.  2. 

Lambrechts,  J.  R. ,  and  Leonards,  G.  A.  (1978).  "Effects  of 
Stress  History  on  Deformation  of  Sand."  J.  Geotech.  Engrg., 
ASCE,  Vol.  104,  No.  11,  1371-1387. 

Larew,  H.  G.  ,  and  Leonards,  G.  A.  (1962).  "A  Strength 
Criterion  for  Repeated  Loads."  Proc,  Hwy.  Res.  Board,  Vol. 
41,  529-556. 

Lary,  J.  A.,  and  Mahoney,  J.  P.  (1984).  "Seasonal  Effects  on 
the  Strength  of  Pavement  Structures."  Transp.  Res.  Record  954, 
88-93. 

Lee,  K.  L. ,  and  Haley,  S.  C.  (1968).  "Strength  of  Compacted 
Clay  at  High  Pressure."  J.  Soil  Mech.  Found.  Engrg.,  ASCE, 
Vol.  94,  No.  6,  1303-1331. 


313 


Lee,  W.  J.,  Bohra,  N.  C. ,  and  Altschaeffl,  A.  G.  (1992). 
Discussion  to  "Estimation  of  Subgrade  Resilient  Modulus  from 
Standard  Tests."  J.  Geotech.  Engrg.,  ASCE,  Vol.  118,  No.  2, 
352-354. 

Lenker,  S.  E.  (1992).  Final  Report  on  the  Analysis  of  Data 
Received  From  an  Interlaboratory  Study  of  the  Proposed 
Standard  Method  for  Resilient  Modulus  of  Subgrade  Soils  and 
Untreated  Base/Subbase  Materials,  Prepared  for  the  AASHTO 
Highway  Subcommittee  on  Materials  Technical  Section  lb: 
Engineering  Geology,  Structural  Soils,  Soil  Practices. 

Leroueil,  S.,  Tardif,  J.,  Roy,  M. ,  La  Rochelle,  P.,  and 
Konrad,  J.  M.  (1991).  "Effects  of  Frost  on  the  Mechanical 
Behavior  of  Champlain  Sea  Clays."  Can.  Geotech.  J.,  Vol.  28, 
690-697. 

Leshchinsky,  D.,  and  Rawlings,  D.  L.  (1988).  "Stress  Path  and 
Permanent  Deformations  in  Sand  Subjected  to  Repeated  Load." 
Geotech.  Test.  J.,  ASTM,  Vol.  11,  No.  1,  36-43. 

Li,  J.  C,  Baladi,  G.  Y.,  and  Andersland,  0.  B.  (1979). 
"Cyclic  Triaxial  Tests  on  Frozen  Sand."  Engrg.  Geol.,  Vol.  13, 
233-246. 

Lotfi,  H.,  and  Witczak,  M.  W.  (1985).  "Dynamic 
Characterization  of  Cement-Treated  Base  and  Subbase 
Materials."  Transp.  Res.  Record  1031,  41-48. 

Marshall,  T.  J.  (1958).  "A  Relation  Between  Permeability  and 
Size  Distribution  of  Pores."  J.  of  Soil  Sciences,  Vol.  9,  No. 
1,  1-8. 

McVay,  M. ,  and  Taesiri,  Y.  (1985).  "Cyclic  Behavior  of 
Pavement  Base  Materials."  J.  Geotech.  Engrg.,  ASCE,  Vol.  Ill, 
No.  1,  1-17. 

Mickleborough,  B.  W.  (1970) .  "An  Experimental  Study  of  the 
Effects  of  Freezing  on  Clay  Subgrades."  MSCE  Thesis,  Univ.  of 
Saskatchewan,  Saskatchewan,  Canada. 

Mikhailov,  G.  D.,  and  Bredyuk,  G.  P.  (1971).  "Shear  Strength 
of  Clayey  Ground  during  Thawing."  U.S.  Army  Cold  Reg.  Res. 
Engrg.  Trans.  265,  Hanover,  N.H. 

Mitchell,  J.  K.  (1960) .  "Fundamental  Aspects  of  Thixotropy  in 
Soils."  J.  Soil  Mech.  Found.  Engrg.,  ASCE,  Vol.  86,  No.  3,  19- 
52. 

Mitchell,  J.  K.  (1976) .  Fundamentals  of  Soil  Behavior.  John 
Wiley  and  Sons,  Inc.,  422pp. 


314 


Modry,  S.,  Svata,  M.  ,  and  Brakel,  J.  V.  (1981).  "Thematic 
Bibliography  of  Mercury  Porosimetry. "  Powder  Technology,  Vol. 
29,  No.  13,  13-43. 

Monismith,  C.  L. ,  Hicks,  R.  G.,  and  Salam,  Y.  M.  (1971). 
"Basic  Properties  of  Pavement  Components."  U.  S.  Department  of 
Transportation,  Federal  Highway  Administration,  Report  No. 
FHWA-RD-72-19. 

Monismith,  C.  L. ,  Seed,  H.  B.,  Mitry,  F.  G. ,  and  Chan,  C.  K. 
(1967) .  "Prediction  of  Pavement  Deflections  from  Laboratory 
Tests."  2nd  Int'l  Conf.  on  the  Structural  Design  of  Asphalt 
Pavements,  Univ.  of  Michigan,  109-140. 

Moossazadeh,  J.,  and  Witczak,  M.  W.  (1981).  "Prediction  of 
Subgrade  Moduli  for  Soil  that  Exhibits  Nonlinear  Behavior." 
Transp.  Res.  Record  810,  9-17. 

Nagpal,  N.  K.,  Boersma,  L. ,  and  DeBaker,  L.  W.  (1972).  "Pore 
Size  Distributions  for  Soils  from  Mercury  Intrusion 
Porosimeter  Data."  Proc.  Soil  Science  Society  of  America,  Vol. 
36,  264-267. 

Nataatmadja,  A.,  and  Parkin,  A.  K.  (1989).  "Characterization 
of  Granular  Materials  for  Pavements."  Can.  Geotech.  J.,  Vol. 
26,  725-730. 

National  Lime  Association.  (1987) .  Lime  Stabilization 
Construction  Manual.  Bulletin  326. 

Nwaboukei,  S.  O.  and  Lovell,  C.  W.  (1984)  .  "Comparisons  of 
Shear  Characteristics  of  Laboratory  and  Field-Compacted  Soil." 
Trans.  Res.  Record  998,  63-71. 

O'Brien,  N.  R.  (1971).  "Fabric  of  Kaolinite  and  Illite 
Floccules."  Clay  and  Clay  Minerals,  Vol.  19,  353-359. 

Olson,  R.  E.  (1963).  "Effective  Stress  Theory  of  Soil 
Compaction."  J.  Soil  Mech.  Found.  Engrg. ,  ASCE,  Vol.  89,  No. 
2,  27-45. 

Osipov,  V.  I.  (1982).  "Practical  Application  of  the  Clay 
Microfabric  Studies."  Proc.  Fourth  Congress  Int'l  Assoc,  of 
Engineering  Geology,  Vol.  II,  New  Delhi,  II  239-11  251. 

Othman,  M.  A.,  and  Benson,  C.  H.  (1992).  "Effect  of  Freeze- 
Thaw  on  the  Hydraulic  Conductivity  of  Three  Compacted  Clays 
from  Wisconsin."  71st  Annual  Meeting,  TRB. 

Pagen,  C.  A.,  and  Khosla,  V.  K.  (1975).  "Engineering 
Properties  of  Compacted  Clay  Conditioned  by  Saturation  and 
Freeze-Thaw  Cycles."  Transp.  Res.  Record  532,  14-29. 


315 


Penner,  E.,  Johnston,  G.  H.,  and  Goodrich,  L.  E.  (1975). 
"Thermal  Conductivity  Laboratory  Studies  of  Some  Mackenzie 
Highway  Soils."  Can.  Geotech.  J.,  Vol.  12,  No.  3,  271-289. 

Pezo,  R.  F.,  Claros,  G.  ,  and  Hudson,  W.  R.  (1992).  "An 
Efficient  Resilient  Modulus  Testing  Procedure  for  Subgrade  and 
Non-Granular  Subbase  Materials."  71st  Annual  Meeting,  TRB. 

Prapaharan,  S.,  White,  D.  M. ,  and  Altschaeffl,  A.  G.  (1991). 
"Fabric  of  Field-  and  Laboratory-Compacted  Clay."  J.  Geotech. 
Engrg.,  ASCE,  Vol.  117,  No.  12,  1934-1940. 

Prapaharan,  S.,  Altschaeffl,  A.  G. ,  and  Dempsey,  B.J.  (1985). 
"Moisture  Curve  of  Compacted  Clay:  Mercury  Intrusion  Method." 
J.  Geotech.  Engrg.,  ASCE,  Vol.  Ill,  No.  9,  1139-1143. 

Rada,  G.,  and  Witczak,  M.  W.  (1981).  "Comprehensive  Evaluation 
of  Laboratory  Resilient  Moduli  Results  for  Granular  Material." 
Transp.  Res.  Record  810,  2  3-33. 

Raymond,  G.  P.,  Gaskin,  P.  N. ,  and  Addo-Abedi,  F.  Y.  (1979). 
"Repeated  Compressive  Loading  of  Leda  Clay."  Can.  Geotech.  J., 
Vol.  16,  No.  1,  1-10. 

Reed,  M.  A.,  Lovell,  C.  W. ,  Altschaeffl,  A.  G.  and  Wood,  L.  E. 
(1979).  "Frost  Heaving  Rate  Predicted  from  The  Pore  Size 
Distribution."  Canadian  Geotech.  J.,  Vol.  16,  463-472. 

Ritter,  H.  L.  and  Drake,  L.  C.  (1945)  .  "Pore  Size  Distribution 
in  Porous  Materials— Pressure  Porosimeter  and  Determination  of 
Complete  Macropore  Size  Distribution."  Industrial  and 
Engineering  Chemistry:  Analytical  Edition,  American  Chemical 
Society,  Vol.  17,  No.  12,  782-786. 

Robnett,  Q.  L.  ,  and  Thompson,  M.  R.  (1976).  "Final  Report- 
Resilient  Properties  of  Subgrade  Soils."  Transp.  Engrg.  Series 
No.  14,  Univ.  of  Illinois  at  Urbana-Champaign,  Urbana,  IL. 

Robnett,  Q.  L. ,  and  Thompson,  M.  R.  (1973).  "Interim  Report- 
Resilient  Properties  of  Subgrade  Soils:  Phase  1-Development  of 
Testing  Procedure."  Transp.  Engrg.  Series  No.  5,  Univ.  of 
Illinois  at  Urbana-Champaign,  Urbana,  IL. 

Robnett,  Q.  L. ,  and  Thompson,  M.  R.  (1976).  "Effect  of  Lime 
Treatment  on  the  Resilient  Behavior  of  Fine-Grained  Soils." 
Transp.  Res.  Record  560,  11-20. 

Robnett,  Q.  L.  (1986).  "Subgrade  Stabilization."  Proc.  on 
Solutions  for  Pavement  Rehabilitation  Problems,  ASCE,  119-134. 


316 


Roy,  M. ,  Crispin,  J.,  Konrad,  J.  M. ,  and  Larose,  G.  (1992).  "A 
Field  Study  of  Two  Road  Sections  During  a  Freeze-Thaw  Cycle." 
71st  Annual  Meeting,  TRB. 

Sangrey,  D.  A.,  Henkel,  D.  J.,  and  Esrig,  M.  I.  (1969).  "The 
Effective  Stress  Response  of  a  Saturated  Clay  Soil  to  Repeated 
Loading."  Can.  Geotech.  J.,  Vol.  6,  241-252. 

Schmertmann,  J.  H.  (1991).  "The  Mechanical  Aging  of  Soils."  J. 
of  Geotech.  Engrg.,  ASCE,  Vol.  117,  No.  9,  1288-1330. 

Seed,  H.  B. ,  Chan,  C.  K. ,  and  Lee,  C.  E.  (1962).  "Resilience 
Characteristics  of  Subgrade  Soils  and  Their  Relation  to 
Fatigue  Failures  in  Asphalt  Pavements."  Proc. ,  First  Int. 
Conf .  on  the  Structural  Design  of  Asphalt  Pavements,  Univ.  of 
Michigan,  611-636. 

Seed,  H.  B.,  Chan,  C.  K. ,  and  Monismith,  C.  L.  (1955). 
"Effects  of  Repeated  Loading  on  the  Strength  and  Deformation 
of  Compacted  Clay."  Proc,  Hwy.  Res.  Board,  Vol.  34,  541-558. 

Seed,  H.  B.,  Mitry,  F.  G. ,  Monismith,  C.  L. ,  and  Chan,  C.  K. 
(1967)  .  "Prediction  of  Flexible  Pavement  Deflections  From 
Laboratory  Repeated-Load  Tests."  NCHRP  Report  35,  Highway 
Research  Board. 

Seed,  H.  B. ,  and  Chan,  C.  K.  (1961).  "Effect  of  Duration  of 
Stress  Application  on  Soil  Deformation  Under  Repeated 
Loading."  Proc,  Fifth  Int.  Conf.  on  Soil  Mech.  Found.  Engrg., 
ISSMFE,  Vol.  1,  341-345. 

Seed,  H.  B.  ,  and  Fead,  J.  W.  N.  (1960).  "Apparatus  for 
Repeated  Load  Tests  on  Soils."  Time  Rates  of  Loading  in  Soil 
Testing,  ASTM  STP  254,  ASTM,  78-87. 

Seed,  H.  B. ,  and  Chan,  C.  K.  (1959).  "Undrained  Strength  of 
Compacted  Clays  After  Soaking."  J.  Soil  Mech.  Found.  Engrg., 
ASCE,  Vol.  85,  No.  6,  31-47. 

Seed,  H.  B.  ,  and  Chan,  C.  K.  (1957).  "Thixotropic 
Characteristics  of  Compacted  Clays."  J.  Soil  Mech.  Found. 
Engrg.,  ASCE,  Vol.  83,  No.  4. 

Seed,  H.  B. ,  and  Chan,  C.  K.  (1958).  "Effect  of  Stress  History 
and  Freguency  of  Stress  Application  on  Deformation  of  Clay 
Subgrades  Under  Repeated  Loading."  Proc,  Hwy.  Res.  Board, 
Vol.  37,  555-575. 

Seed,  H.  B. ,  and  Chan,  C.  K.  (1959).  "Structure  and  Strength 
Characteristics  of  Compacted  Clays."  J.  Soil  Mech.  Found. 
Engrg.,  ASCE,  Vol.  85,  No.  5,  87-128. 


317 

Selig,  E.  T.  (1971) .  "Unified  System  for  Compactor  Performance 
Specification."  Paper  No.  710727,  National  Farm,  Construction 
and  Industrial  Machinery  Meeting,  Society  of  Automotive 
Engineers,  1-12. 

Shaw,  P.,  and  Brown,  S.  F.  (1988).  "Behavior  of  Dry  Granular 
Materials  under  Repeated  Load  Biaxial  and  Triaxial  Stress 
Conditions."  Geotechnique,  Vol.  38,  No.  4,  627-634. 

Smith,  W.  S.,  and  Nair,  K.  (1973).  "Development  of  Procedures 
for  Characterization  of  Untreated  Granular  Base  Course  and 
Asphalt-Treated  Base  Course  Materials"  U.  S.  Department  of 
Transportation,  Federal  Highway  Administration,  Report  No. 
FHWA-RD-74-61. 

Soil  Survey  Manual.  (1951).  U.S.  Department  of  Agriculture, 
Washington  D.C.,  503pp. 

Sridharan,  A.,  Altschaeffl,  A.  G.,  and  Diamond,  S.  (1971). 
"Pore  Size  Distribution  Studies."  J.  Soil  Mech.  Found.  Engrg., 
ASCE,  Vol.  97,  No.  5,  771-787. 

Sweere,  G.  T.  H.,  and  Galjaard,  P.  J.  (1988).  "Repeated  Static 
Loading  Triaxial  Tests  for  Determination  of  Resilient 
Properties  of  Sands."  Transp.  Res.  Record  1192,  8-15. 

Tanimoto,  K. ,  and  Nishi,  M.  (1970).  "On  Resilience 
Characteristics  of  Some  Soils  Under  Repeated  Loading."  Soils 
and  Foundations,  JSSMFE,  Vol.  10,  No.  1,  75-92. 

Terdich,  G.  M.  (1981) .  "Prediction  and  Control  of  Field  Swell 
Pressures  of  Compacted  Medium  Plastic  Clay."  MSCE  Thesis, 
Purdue  University,  West  Lafayette,  IN. 

Terzaghi,  K.  (1925) .  "Modern  Conceptions  Concerning  Foundation 
Engineering."  J.  Boston  Society  of  Civ.  Engrs.,  Vol.  12,  No. 
10,  1-43. 

The  Asphalt  Institute.  (1982) .  Research  and  Development  of  the 
Asphalt  Institute's  Thickness  Design  Manual  (MS-1)  Ninth 
Edition.,  Research  Report  No.  82-2. 

Thompson,  M.  R.  (1989) .  "Factors  Affecting  the  Resilient 
Moduli  of  Soils  and  Granular  Materials."  Workshop  on  Resilient 
Modulus  Testing,  Oregon  State  Univ.,  Corvallis,  OR. 

Thompson,  M.  R.  (1984) .  "Important  Properties  of  Base  and 
Subgrade  Materials."  Conf.  on  Crushed  Stone  for  Road  and 
Street  Construction  and  Reconstruction,  Arlington,  VA. 

Thompson,  M.  R. ,  and  Smith,  K.  L.  (1989).  "Repeated  Triaxial 
Characterization  of  Granular  Bases."  69th  Annual  Meeting,  TRB. 


318 


Thompson,  M.  R. ,  and  Robnett,  Q.  L.  (1979).  "Resilient 
Properties  of  Subgrade  Soils."  J.  Transp.  Engrg. ,  ASCE,  Vol. 
105,  No.  1,  71-89. 

Thompson,  M.  R. ,  and  Dempsey,  B.  J.  (1970).  "Quantitative 
Characterization  of  Cyclic  Freezing  and  Thawing  in  Stabilized 
Pavement  Materials."  Hwy.  Res.  Record  304,  38-51. 

Transportation  Research  Board  (1975) .  Test  Procedures  for 
Characterizing  Dynamic  Stress-Strain  Properties  of  Pavement 
Materials,  Special  Report  162. 

Transportation  Research  Board  (1987) .  Lime  Stabilization; 
Reactions,  Properties,  Design,  and  Construction,  State  of  the 
Art  Report  5,  59pp. 

Tsytovich,  N.  A.  (1975) .  The  Mechanics  of  Frozen  Ground, 
McGraw-Hill  Co. 

Uzan,  J.  (1985).  "Characterization  of  Granular  Material." 
Transp.  Res.  Record  1022,  52-59. 

van  Olphen,  H.  (1977) .  An  Introduction  to  Clay  Colloid 
Chemistry.  John-wiley  and  Sons,  New  York. 

Vinson,  T.  (1989) .  "Fundamentals  of  Resilient  Modulus 
Testing."  Workshop  on  Resilient  Modulus  Testing,  Oregon  State 
Univ.,  Corvallis,  OR. 

Wadsworth,  H.  M.  (1990) .  Handbook  of  Statistical  Methods  for 
Engineers  and  Scientists,  McGraw  Hill  Publishing  company. 

Wahls,  H.  E.  ,  Fisher,  C.  P.,  and  Langfelder,  L.  J.  (1966). 
"The  Compaction  of  Soil  and  Rock  Materials  for  Highway 
Purposes."  U.  S.  Department  of  Transportation,  Federal  Highway 
Administration,  Report  No.  FHWA-RD-73-8. 

Waterways  Experimental  Station  (1949) .  "Soil  Compaction 
Investigation:  Compaction  studies  on  Silty  Clay."  Tech.  Memo. 
No.  3-271,  U.S.  Corps  of  Engineers,  Vicksburg,  Mississippi, 
49pp. 

Washburn,  E.  W.  (1921) .  "Note  on  a  Method  of  Determining  the 
Distribution  of  Pore  Size  in  a  Porous  Material."  Proc. 
National  Academy  of  Sciences,  Vol.  7,  115-116. 

Washburn,  E.  W.  (1921).  "The  Dynamics  of  Capillary  Flow."  The 
Physical  Review,  Second  series,  Vol.  17,  No.  3,  273-283. 

White,  D.  M.  (1980).  "The  Fabric  of  a  Medium  Plastic  Clay 
Compacted  in  the  Laboratory  and  in  the  Field."  MSCE  Thesis, 
Purdue  University,  West  Lafayette,  IN. 


319 


Winslow,  D.  N.(1984).  "Advances  in  Experimental  technique  for 
Mercury  Intrusion  Porosimetry. "  Surface  and  Colloid  Science, 
Vol.  13,  Plenum  Press,  258-282. 

Yoder,  E.  J.,  and  Witczak,  M.  W.  (1975).  Principles  of 
Pavement  Design,  Second  Ed.,  John  Wiley  and  Sons,  Inc.,  New 
York,  NY. 


Yong,   R.   N.,   and  Sheer an,   D. 
Interaction  and  Soil  Behavior." 
Structure,  Sweden,  176-183. 


E.   (1973).   "Fabric  Unit 
Proc.   Int'l  Symp.   Soil 


Yong,  R.  N.,  Boonsinsuk,  P.,  and  Murphy,  D.  (1982).  "Short- 
Term  Cyclic  Freeze-Thaw  Effect  on  Strength  Properties  of  a 
Sensitive  Clay."  Proc,  Third  Int'l  Symp.  on  Ground  Freezing, 
Hanover,  Germany,  97-104. 


"The  Effects  of 


Zimmie,  T.  F.,  and  La  Plante,  C.   (1990). 

Freeze/Thaw  Cycles  on  the  Permeability  of  a  Fine-Grained 
Soil."  Proc.  22nd  Mid-Atlantic  Industrial  Waste  Conf.,  Drexel 
Univ.,  Philadelphia,  Pa.,  580-593. 


APPENDICES 


320 


APPENDIX  A 


Information  on  Tested  Specimens 


321 


Table  A.l   Information  on  Specimens  for  Normal  Test 


Test 

Location 

w/c 

Yd 

WL 

wP 

PI 

ID 

(%) 

(pcf) 

(%) 

(%) 

(%) 

SB01 

142+00, CL-1, 27-33 

11.25 

129.94 

25.7 

12.2 

13.5 

SB02 

142+00, CL-2, 13-19 

9.77 

131.03 

22.2 

13.0 

9.2 

SB03 

142+00, CL-2, 5-11 

9.77 

132.04 

20.5 

10.7 

9.8 

SB04 

142+00, CL-3, 13-19 

9.82 

131.67 

21.5 

12.6 

8.9 

SB05 

142+00, CL-3, 6-12 

9.94 

131.12 

20.5 

11.3 

9.2 

SB06 

141+00, R-l, 8-14 

9.82 

127.48 

23.7 

12.8 

10.9 

SB07 

141+00, R-l, 14-20 

9.73 

130.24 

23.1 

10.3 

12.8 

SB08 

142+00, CL-3, 24-30 

10.74 

128.30 

26.1 

13.7 

12.4 

SB09 

141+00, R-2, 20-26 

10.66 

128.44 

22.8 

13.8 

9.0 

SB10 

141+00, R-2, 26-32 

10.66 

127.52 

22.3 

10.8 

11.5 

SB11 

141+00, L-2, 6-13 

10.22 

129.81 

24.1 

10.0 

14.1 

SB12 

142+00, CL-2, 22-28 

11.22 

129.32 

25.6 

13.5 

12.1 

SB13 

141+00, R-2, 13-19 

9.75 

129.88 

22.5 

15.6 

6.9 

SB14 

141+00, R-3, 18-24 

10.33 

128.56 

22.5 

11.3 

11.2 

SB15 

141+00, L-l, 28-36 

9.51 

132.65 

21.0 

13.8 

7.2 

SB16 

141+00, L-3, 36-43 

9.58 

126.67 

20.6 

9.7 

10.9 

SB17 

141+00, L-3, 43-50 

8.62 

132.05 

20.2 

12.1 

8.1 

SB18 

141+00, L-3, 28-34 

10.52 

125.58 

21.2 

10.8 

10.4 

FW01 

56+00, S-l, 3-9 

20.75 

107.55 

30.6 

18.2 

12.4 

FW04 

56+00, S-l, 30-36 

14.93 

122.72 

31.6. 

17.4 

14.2 

FW03 

56+00, S-2, 0-6 

18.80 

109.29 

28.4 

15.9 

12.5 

FW02 

56+00, S-2, 12-18 

21.62 

108.71 

30.7 

16.7 

14.0 

FW05 

56+00, S-2, 30-37 

16.67 

116.73 

31.6 

18.3 

13.3 

FW06 

56+00, S-2, 38-44 

15.28 

120.11 

32.0 

16.0 

16.0 

FW07 

56+00, S-2, 46-52 

16.62 

117.66 

31.9 

17.5 

14.4 

FW26 

56+00, P-l, 4-10 

20.70 

108.86 

35.2 

19.4 

15.8 

FW27 

56+00, P-l, 14-20 

17.82 

111.62 

36.5 

20.1 

16.4 

FW28 

56+00, P-l, 27-34 

22.43 

103.21 

44.6 

22.6 

22.0 

FW29 

56+00, P-l, 42-48 

18.08 

115.96 

35.3 

19.6 

15.7 

FW30 

56+00, D-l, 17-23 

24.72 

100.27 

44.0 

23.0 

21.0 

FW31 

56+00, D-l, 31-37 

19.48 

113.32 

32.5 

19.3 

13.2 

FW32 

56+00, D-l, 45-51 

15.44 

118.74 

31.4 

19.0 

12.4 

FW09 

73+00, S-l, 9-15 

16.66 

113.85 

31.8 

18.2 

13.6 

FW10 

73+00, S-l, 17-25 

16.73 

114.31 

33.1 

18.8 

14.3 

FW11 

73+00, S-l, 35-41 

24.13 

101.57 

42.2 

21.6 

20.6 
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Test 

Location 

w/c 

Yd 

wL 

wP 

PI 

ID 

(%) 

(pcf) 

(%) 

(%) 

(%) 

FW12 

73+00, S-l, 43-49 

18.83 

112.83 

33.3 

19.3 

14.0 

FW16 

73+00,S-2,2-8 

18.62 

111.54 

36.2 

19.0 

17.2 

FW17 

73+00, S-2, 8-14 

17.91 

115.87 

28.2 

17.2 

11.0 

FW13 

73+00, S-2, 36-42 

16.95 

115.88 

32.0 

17.6 

14.4 

FW14 

73+00, S-2, 44-50 

24.54 

101.74 

42.7 

21.9 

20.8 

FW15 

73+00, S-2, 51-57 

18.75 

113.71 

31.3 

18.3 

13.0 

FW18 

73+00, P-l, 2-8 

15.81 

115.53 

31.0 

18.5 

12.5 

FW19 

73+00, P-l, 16-22 

15.84 

117.27 

31.2 

18.7 

12.5 

FW21 

73+00, P-l, 32-39 

17.73 

113.85 

31.0 

17.9 

13.1 

FW43 

73+00, P-2, 33-39 

15.60 

115.21 

38.0 

18.9 

19.1 

FW44 

73+00, P-2, 47-53 

16.00 

117.67 

36.0 

20.3 

15.7 

FW22 

73+00, D-2, 1-7 

19.20 

112.20 

31.2 

19.1 

12.1 

FW23 

73+00, D-2, 17-23 

21.49 

110.10 

33.6 

17.6 

16.0 

FW24 

73+00, D-2, 34-40 

23.01 

108.70 

34.4 

18.6 

15.8 

FW25 

73+00, D-2, 47-53 

16.35 

114.39 

34.2 

17.8 

16.4 

FW37 

181+00, S-2, 36-42 

14.47 

120.71 

29.8 

17.9 

11.9 

FW38 

181+00, S-2, 44-50 

18.65 

112.42 

33.0 

18.6 

14.4 

FW39 

181+00, S-2, 51-57 

23.83 

101.64 

41.4 

25.3 

16.1 

FW40 

181+00, P-l, 2-8 

14.62 

121.30 

31.1 

17.6 

13.5 

FW41 

181+00, P-l, 8-14 

19.21 

109.34 

34.5 

20.1 

14.4 

FW42 

181+00, P-l, 21-27 

18.84 

108.73 

36.3 

20.7 

15.6 

FW36 

181+00, D-l, 2-8 

9.74 

129.45 

22.6 

14.8 

7.8 

FW34 

181+00, D-l, 12-18 

13.53 

124.16 

28.6 

16.3 

12.3 

FW35 

181+00, D-l, 21-27 

17.58 

114.54 

30.8 

17.7 

13.1 

WA01 

290+00, P-l, 52-58 

24.35 

101.33 

WA02 

290+00, P-l, 60-66 

18.59 

111.14 

37.0 

19.8 

17.2 

WA03 

290+00, P-l, 1-7 

17.50 

113.99 

WA04 

290+00, P-l, 7-13 

19.20 

107.66 

35.0 

21.2 

13.9 

WA05 

290+00, P-l, 34-40 

20.76 

108.75 

WA06 

290+00, P-l, 40-46 

17.14 

115.28 

WA07 

290+00, D-l, 2-8 

17.66 

111.82 

WA08 

290+00, D-l, 14-20 

20.71 

104.87 

WA09 

290+00, D-l, 49-55 

19.89 

108.55 

WAIO 

290+00, D-l, 63-69 

23.40 

104.36 

WA11 

290+00, D-l, 30-36 

19.39 

109.71 

WA12 

290+00, D-l, 38-44 

20.03 

109.42 

35.0 

18.0 

17.0 

WA13 

290+00, S-l, 1-7 

17.12 

113.47 

WA14 

290+00, S-l, 25-31 

17.87 

111.08 

33.0 

18.4 

14.6 
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Test 

Location 

w/c 

Yd 

wL 

Wp 

PI 

ID 

(*) 

(pcf) 

(%) 

(%) 

(%) 

WA15 

290+00, S-l, 32-38 

21.39 

104.77 

WA16 

290+00, S-l, 41-47 

21.80 

105.16 

WA17 

290+00, S-l, 48-54 

19.25 

109.97 

40.2 

22.4 

17.8 

WA18 

290+00, S-l, 58-64 

18.16 

111.97 

LA01 

530+90,8-1,21-27 

24.89 

100.53 

LA02 

530+90, S-l, 27-33 

24.43 

101.85 

34.3 

21.1 

13.2 

LA03 

531+00,P-1, 42-48 

28.13 

96.90 

LAO  4 

531+00, P-l, 21-27 

22.09 

105.92 

LAO  5 

531+00, P-l, 28-34 

31.93 

93.51 

LAO  6 

531+00, D-l, 20-26 

23.08 

103.66 

LAO  7 

531+00, D-l, 50-56 

18.65 

108.19 

30.2 

20.5 

9.7 

LA08 

531+90, S-2, 12-18 

33.90 

89.98 

66.5 

32.9 

33.6 

LAO  9 

531+90, S-2, 19-25 

28.70 

94.60 

LAIO 

531+90, S-2, 30-36 

34.10 

89.24 

57.5 

25.1 

32.4 

LA11 

531+90, S-2, 102-108 

37.93 

81.76 

50.4 

25.1 

25.3 

LA12 

531+90, S-3, 22-28 

28.18 

96.02 

LA13 

531+90, S-3, 31-37 

33.56 

90.17 

55.0 

43.4 

11.6 

LA14 

531+90, S-4, 8-14 

31.25 

92.06 

LA15 

531+90, S-4, 15-21 

33.05 

89.44 

LA16 

531+90, S-4, 62-68 

29.30 

92.30 

LA17 

531+90, S-4, 31-37 

22.26 

103.36 

LA18 

531+90, S-4, 38-44 

31.54 

93.74 

LA19 

531+90, S-4, 45-51 

29.62 

93.33 

BLOl 

849+00, S-l-1, 7-13 

32.30 

89.75 

BL02 

849+00, S-l-1, 15-21 

28.50 

93.59 

72.0 

28.7 

43.3 

BL03 

849+00, S-3-1, 7-13 

30.90 

91.52 

BL04 

849+00, S-3-1, 16-22 

27.40 

96.19 

BL05 

849+00, S-2-1, 17-23 

38.14 

85.57 

BL06 

849+00, P-l-1, 8-14 

23.20 

102.30 

BL07 

849+00, P-l-1, 14-20 

28.00 

96.71 

48.0 

22.0 

26.0 

BL08 

849+00, P-l-2, 5-11 

25.80 

99.73 

43.8 

19.3 

24.5 

BL09 

849+00, P-l-3, 2-8 

26.80 

97.60 

BLIO 

849+00, P-l-3, 8-16 

23.30 

102.30 

42.0 

23.1 

18.9 

BL11 

849+00, P-2-2, 6-12 

27.80 

93.49 

52.0 

22.9 

29.1 

BL12 

849+00, P-2-1, 14-20 

19.30 

107.00 

BL13 

849+00, D-2-1, 1-7 

37.00 

86.26 

BL14 

849+00, D-2-1, 8-14 

33.30 

89.92 

BL15 

849+00, D-2-1, 14-20 

22.20 

101.41 
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Table  A. 2   Information  on  Specimens  for  Freeze-Thaw  Test 


Test 

Location 

w/c 

Yd 

wL 

wP 

PI 

ID 

(%) 

(pcf) 

(%) 

(%) 

(%) 

SBFT01 

142+00, R-l, 18-30 

14-33 

122.60 

20.4 

13.7 

6.7 

SBFT02 

142+00, R-2, 30-40 

8.94 

131.28 

18.5 

12.2 

6.3 

SBFT03 

141+00, R-4, 12-18 

8.95 

130.07 

19.9 

12.7 

7.2 

SBFT04 

142+00, L-l, 36-42 

14.07 

120.43 

26.2 

13.8 

12.4 

SBFT05 

142+00, R-l, 16-23 

10.48 

128.07 

20.9 

12.1 

8.8 

SBFT06 

142+00, R-l, 30-42 

8.97 

128.94 

20.3 

11.3 

9.0 

SBFT07 

142+00, CL-4, 30-36 

10.49 

126.54 

24.9 

15.3 

9.6 

SBFT08 

141+00, L-4, 35-41 

8.46 

133.39 

21.5 

10.9 

10.6 

SBFT09 

141+00, R-4, 24-36 

10.15 

126.57 

SBFT10 

141+00, L-4, 6-18 

8.35 

131.67 

19.2 

11.4 

7.8 

SBFT11 

141+00, CL-1, 36-42 

11.51 

126.78 

25.2 

13.5 

11.7 

SBFT12 

141+00, CL-1, 43-49 

12.16 

124.28 

SBFT13 

141+00, CL-1, 49-55 

13.42 

124.59 

24.0 

12.9 

11.1 

FWFT01 

73+00, D-l, 1-7 

18.97 

112.05 

FWFT02 

73+00, D-l, 7-13 

14.32 

119.31 

FWFT03 

73+00, D-l, 17-23 

16.22 

114.66 

FWFT04 

73+00, D-l, 25-31 

16.49 

116.52 

35.8 

17.3 

18.5 

FWFT05 

73+00, P-2, 7-13 

18.07 

112.57 

FWFT06 

73+00, P-2, 16-22 

14.76 

118.23 

FWFT07 

73+00, P-2, 24-30 

17.78 

112.90 

FWFT08 

73+00, P-2, 40-46 

14.66 

119.99 

FWFT09 

181+00, S-2, 4-10 

10.94 

128.90 

FWFT10 

181+00, S-2, 11-17 

11.37 

124.38 

FWFT11 

181+00, S-2, 18-24 

13.50 

120.39 

FWFT12 

181+00, S-2, 25-31 

14.59 

119.94 

32.4 

16.8 

15.6 

FWFT13 

56+00, P-2, 3-9 

17.87 

110.20 

FWFT14 

56+00, P-2, 9-15 

20.30 

109.48 

FWFT15 

56+00, P-2, 15-21 

18.53 

111.46 

FWFT16 

56+00, P-2, 31-37 

16.05 

117.46 

34.2 

18.8 

15.4 

FWFT17 

56+00, D-2, 1-7 

19.69 

110.58 

FWFT18 

56+00, D-2, 9-15 

16.24 

112.92 

FWFT19 

56+00, D-2, 16-22 

28.26 

97.56 

53.0 

27.1 

25.9 

FWFT20 

56+00, D-2, 22-28 

17.61 

113.99 

39.8 

21.5 

18.3 

WAFT01 

290+00, S-2, 30-36 

19.62 

108.21 

WAFT02 

290+00, S-2, 36-42 

21.84 

104.05 

43.0 

23.6 

19.4 
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Test 

Location 

w/c 

Yd 

"l 

wp 

PI 

ID 

(%) 

(pcf) 

(%) 

(*> 

(%) 

WAFT03 

290+00, S-2, 1-7 

17.43 

112.81 

33.0 

17.4 

15.6 

WAFT04 

290+00,8-2,8-14 

18.71 

109.79 

WAFT05 

290+00, D-2, 4-10 

17.61 

111.14 

WAFT06 

290+00, D-2, 27-33 

18.53 

111.06 

WAFT07 

290+00, D-2, 39-45 

18.91 

111.50 

WAFT08 

290+00, P-2, 4-10 

19.06 

110.20 

33.6 

19.4 

14.2 

WAFT09 

290+00, P-2, 13-19 

17.27 

109.70 

34.0 

19.9 

14.1 

WAFT 10 

290+00, P-2, 32-38 

17.50 

112.53 

WAFT 11 

290+00, P-2, 38-44 

21.07 

107.58 

LAFT01 

530+00, S-l, 9-15 

31.80 

92.70 

LAFT02 

530+00, S-2, 11-17 

27.80 

97.89 

LAFT03 

531+00, P-2-1, 2-8 

22.50 

104.22 

47.8 

19.3 

28.5 

LAFT04 

531+00, P-2-2, 1-7 

23.30 

102.19 

LAFT05 

530+00, D-l, 7-13 

33.70 

89.93 

68.0 

29.1 

38.9 

LAFT06 

530+00, D-l, 13-19 

32.70 

90.98 

LAFT07 

531+00, P-3, 4-10 

20.70 

106.56 

LAFT08 

530+00, D-l, 19-25 

28.30 

95.63 

58.0 

27.7 

30.3 

LAFT09 

530+00, D-l, 26-32 

33.30 

88.31 

LAFT10 

530+00, D-l, 33-39 

32.50 

87.58 

LAFT11 

531+00, P-4, 5-11 

21.30 

105.64 

BLFT01 

849+00, S-2-1, 6-12 

32.41 

91.00 

BLFT02 

849+00, S-2-1, 18-24 

40.50 

82.96 

BLFT03 

849+00, S-2-2, 5-11 

29.68 

93.68 

BLFT04 

849+00, S-2-2, 11-17 

32.50 

90.39 

BLFT05 

849+00, P-2-1, 2-8 

30.31 

94.05 

BLFT06 

849+00, P-2-1, 8-14 

27.76 

94.47 

62.0 

21.6 

40.4 

BLFT07 

849+00, P-2-3, 2-8 

28.87 

95.03 

BLFT08 

849+00, P-2-3, 8-14 

30.04 

92.57 

52.5 

24.9 

27.6 

BLFT09 

849+00, D-l-1, 13-20 

31.53 

92.41 

BLFT10 

849+00, D-l-2, 1-7 

25.40 

97.36 

BLFT11 

849+00, D-l-2, 7-13 

33.30 

89.29 

BLFT12 

849+00, D-l-2, 13-19 

30.75 

92.12 

SBFT01  -  SBFT10;  frozen-thawed  specimen  from  the  field. 
All  others;  closed-system  freeze-thaw  in  the  laboratory. 
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APPENDIX  B 


Unconfined  Compression  Test  Results 
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